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Integration of the organic molecular functions into the semiconductor 
surfaces with a high selectivity and ordering has been an essential cornerstone 
for fabricating the next generation electronic devices – molecular electronics, 
which is a promising research direction to overcome the fundamental 
limitations of further downscaling in the devices dimensions. The major 
purpose of this study is to elucidate the driving force behind the highly 
selective reaction processes of methyl oxirane, butadiene monoxide on 
Si(111)-(7×7), as well as the surface ordering of 1-propanethiol on 
Si(111)-(7×7) and diacetyl on Ge(100) with the combined surface-sensitive 
analytical techniques, including scanning tunneling microscope (STM), high 
resolution electron energy loss spectroscopy (HREELS) and density functional 
theory (DFT) calculations. The results demonstrate that the selectivity of 
surface reactions can be fine-tuned using appropriate substitution groups in the 
molecules, likewise the surface ordering can be achieved by varying the 
experimental conditions. 
The different reaction mechanisms of two epoxide molecules, methyl 
oxirane and butadiene monoxide, provide a strong evidence that the 
substitution of vinyl group plays an important role to direct the surface 
reaction. For the chemisorbed methyl oxirane, the STM images reveal the 
appearance of more than three darkened adatoms in each half unit cell, 
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implying the existence of a dative-bonded state. It is further confirmed by the 
retained vibrational feature of epoxy ring and the occurrence of Si-O 
stretching mode in the HREELS spectra. Meanwhile, the additional presence 
of (Si)C(sp3)-H and Si-C stretching modes suggests that methyl oxirane 
adsorption on the surface probably occurs via cleavage of C-C or one C-O 
bond within the epoxy group. The DFT calculations show that methyl oxirane 
can barrierlessly form the dative-bonded precursor state through the lone pair 
electrons of its O atom, then break the C(CH3)-O bond with a relatively small 
barrier (~3 kcal/mol) and give rise to a Si-O-C-C(CH3)-Si ring surface species. 
These results clearly suggest that the binding of methyl oxirane on 
Si(111)-(7×7) via both dative-bonded addition and ring-opening reaction. 
However, the covalent binding of butadiene monoxide on Si(111)-(7×7) occurs 
through [2+2]-like cycloaddition via the vinyl group, as evidenced by the 
disappearance of the C=C stretching mode at 1634 cm-1, together with the 
occurrence of Si-C stretching mode at 513 cm-1 and the retention of all the 
vibrational signatures of epoxy group ring. Meanwhile, the STM images 
reveal that this [2+2]-like cycloaddition is preferred to react between the C=C 
bond and an adjacent adatom-rest atom pair on the Si(111)-(7×7) surface. In 
addition, the DFT calculations show that this reaction pathway is kinetically 
barrierless although the [2+2]-like cycloadduct is not the most 
thermodynamically stable product. By tuning the molecular structure 
delicately, the substitution group may possibly direct the molecular attachment 
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in a selective manner, offering a flexible choice for the organic modification of 
silicon surfaces. 
The fabrication of well-defined molecular nanocorrals has been an 
interesting subject of organic molecules chemisorbed on the semiconductor 
surfaces, driven by the potential application of making functional molecular 
nanodevices. Temperature-induced uniform molecular nanocorrals have been 
formed on Si(111)-(7×7) by dissociation of 1-propanethiol. The appearance of 
the Si-S and Si-H stretching modes in HREELS indicates that C3H8S 
dissociatively binds on an adjacent adatom-rest atom pair through the cleavage 
of S-H bond, leading to the formation of Si-SC3H7 and Si-H. At both 300 K 
and 130 K, the STM images show that the toal coverage even after the 
excessive exposure remains 50%, suggesting that the chemical attachment 
achieves its maximum after all the rest atoms are occupied by the H- species. 
At 300 K, the number of reacted adatoms per half unit cell can be as high as 
six. In addition, the C3H8S dissociaiton on faulted halves is about 2~3 times 
preferential to that on unfaulted halves, while it dissociates equally on the 
center and corner adatom-rest atom sites. Such site selectivity is well 
explained by the C3H7S- species diffusion on the surface and accumulation 
within faulted halves. At 130 K, the site selectivity changes with the ratio of 
faulted/unfaulted halves decreasing to be 1.5~1, and the preference of 
center/corner adatoms increasing to be 4.2~3.4. This preferability of center 
adatom-rest atom sites for the dissociative process is attributed to the 
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distribution of the starting physisorbed precursors, which prefer to bind with 
the more electronically positive center adatoms. The high center/corner ratio 
contributes to the fabrication of molecular nanocorrals which are formed by 
the darkened center adatoms bonded with C3H7S- species. The corner adatoms 
inside the nanocorrals are reactive and available for serving as precursors to 
create desired multilayered Si-based molecular devices. 
The temperature-dependent formation of a highly ordered molecular 
monolayer has also been observed for diacetyl chemically adsorbed on 
Ge(100). At room temperature, two distinct diacetyl adsorption features were 
imaged by STM. Feature A appears as a bright protrusion with its center 
located on top of a single dimer. It becomes as a double-lobe shape in the 
bias-voltage-dependent STM images, indicating [4+2]-like cycloadducts. The 
other feature B is a bright protrusion bridged between two adjacent Ge dimers 
in the same dimer row, which is identified as a tetra-σ binding product from a 
combinational study of bias-voltage-dependent STM images and 
filled-/empty-state STM images. The assignments of two binding geometries 
are supported by the theoretic STM simulations. After heating the fully 
diacetyl covered Ge(100) surface to ~200 oC, STM images show a uniform 
ordered (2×2) molecular monolayer, which is composed of feature B and 
covers over the whole surface. DFT calculations suggest that feature A can 
irreversibly covert to feature B by releasing the hydrogen during this transition 
process. The results demonstrate that the Ge(100) surfaces may work as a 
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In recent years, the group Ⅳ semiconductors Si, Ge are of great interest 
because of their critical roles in modern microelectronic industries. The 
microelectronic industry has seen continuing trend of device miniaturization, 
following Moore’s Law.1 However, the size of each circuit component will 
soon approach the scale of single molecule or atom. Thus, molecular device is 
emerging as an attractive and challenging field of research.2 Generally, the 
target in molecular devices is assembly of molecules to create novel compact 
functional units, such as switches, diodes and transistors. Recently, covalent 
binding of organic molecules on semiconductor surfaces, especially Si and Ge 
has drawn much attention due to its advanced applications in molecule-based 
devices.3-7 
The considerable interest in studying chemical attachment of organic 
functionalities on semiconductor surfaces still focuses on the organic/silicon 
hybrid system as silicon remains the cornerstone material for the modern and 
efficient semiconductor manufacturing. The scientifically important 
crystallographic face of silicon is Si(111), which is the substrate of choice in 
this work. Germanium on the other hand has gained more and more attention 
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as an alternative substrate material for molecular device applications in the 
areas where common Si-based microelectronics find limitations. This is due to 
its unique properties of fast carrier mobility and good dielectric properties. In 
particular, we focus on the Ge(100) substrate which has two reconstructions 
coexisting on the surface and is also one most commonly used surface 
orientation. Its detailed surface geometrical reconstruction and electronic 
properties will be described in Section 1.2. 
The central issue for the growth of organic/semiconductor heterogeneous 
materials is to selectively modify the electronic properties of the surfaces. 
Covalently binding of organic molecules onto surfaces enables us to 
incorporate chemical, mechanical, and thermally stable functionalities with 
various electronic or optical properties into existing devices. In order to 
fabricate organic-functionalized semiconductor surface structures with 
custom-tailored properties, the ability to tune the reaction selectivity and 
surface ordering of organic functionalities chemisorbed onto the surface is 
required. The selectivity of surface reaction can be attained based on the 
analogies and categories of functional groups, as shown in the Section 1.3. 
Especially, we are able to manipulate the pathway competition and product 
distribution by tailoring the molecular structures, which can be achieved by 
introducing a substitution group. Substitution group may play a key role in 
directing the initial surface binding to take place with desirable flexibility. On 
the other hand, surface pattern can be achieved by atomic manipulation,8 
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substrate-induced self-assembly9 and supramolecular self-assembly.10 An 
alternative method of changing the reaction temperature may offer valuable 
insight into the reaction pathway selectivity that ultimately leads to the desired 
product with ordering on surface. 
In fact, there is a considerable amount of work11-15 about the chemistry of 
various organics on silicon/germanium surfaces. These studies range from 
linear hydrocarbons which contain unconjugated or conjugated diene moieties 
to homocyclic or heterocyclic aromatic hydrocarbons. However, the major 
driving force behind reaction pathway selectivity and molecular ordering on 
semiconductor surfaces is rarely reported. In this thesis, we contribute to this 
area by exploring not only the chemical control of the competition and 
selectivity in reactions of multifunctional organic molecules adsorption on 
surfaces, but also how the reaction temperature affects the ordering of surface 
adsorbates. 
1.2 Group-Ⅳ semiconductor surfaces 
In crystalline state, both silicon and germanium are covalent solids that 
crystallize into face centered cubic, also known as the diamond structure.16-17 
The covalent bonds are produced by the overlapping of highly directional 
hybrid sp3 orbitals of adjacent atoms. Like diamond, Si and Ge atoms bond to 
four nearest neighbors and form into a tetrahedral configuration, as shown in 
Figure 1.1. For Si crystal structure, the covalent bonds are with an angle and 
bond length of 109.5° and 2.35 Å, respectively. The lattice parameter is 5.43 Å. 
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As for Ge crystal structure, the angle of the covalent bonds keeps same but the 
bond length is increased to 2.45 Å. The lattice constant (5.66 Å) is 4% larger 
compared to that of Si. When the crystal is cleaved, exposing the surface with 
dangling bonds. The density and direction of these dangling bonds differ on 
different facets. In order to minimize the total free energy of the system, the 
surface atoms rebond to reduce the number of the dangling bonds. On Si(111), 
the surface reconstructs into a (7×7) structure. On Ge(100), the surface atoms 
pair up to form germanium dimers with one dangling bond per Ge atom. It is 
noted that the surface chemical reactivity of organic molecules is associated 
with these dangling bonds. Thus the geometric and electronic structures of 
Si(111)-(7×7) and Ge(100) will be discussed in the following section.  
1.2.1 The Si(111)-(7×7) surface 
The (7×7) pattern of the clean Si(111) surface was initially observed using 
low-energy electron diffraction (LEED) in 1959 by Schlier and Farnsworth.18 
Over the following 25 years numerous models have been proposed to account 
for this complex surface structure, such as the vacancy model,19 adatom 
model20 and rippled-surface model.21 The real breakthrough came with the 
atom-resolution scanning tunneling microscopy (STM), which gave the first 
real spacial image of the surface by Binning et al. in 1983.22 They proposed 
that each unit cell contains 12 protrusions and a large hole at the corner. In 
addition, Bennett’s model23 showed the presence of stacking faults that divide 
the unit cell into two triangular areas. Among all those models, the 
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dimer-adatom-stacking fault (DAS) model proposed by Takayanagi et al.24-25 
in the 1985 on the basis of transmission electron diffraction (TED) and 
microscopy (TEM) results was widely accepted. 
 Figure 1.2 is the top and side views of the detailed basic features of 
Si(111)-(7×7) described by DAS model. One unit cell consists of a faulted and 
an unfaulted triangular subunit which are stitched together and surrounded by 
the domain boundaries comprised of nine dimers. The structure model 
contains only 19 dangling bonds in a (7×7) unit cell in comparison to the 49 
dangling bonds within the same area on the unreconstructed (1×1) surface. 
These dangling bonds include 12 from the adatoms, six from the rest atoms in 
the second layer not bonded to adatoms, one from corner hole atom located in 
the fourth layer. The model of (7×7) reconstruction is built up by a 
layer-by-layer construction based on the bulk terminated (111) surface,17 as 
shown in Figure 1.3. The base layer is the (111) unreconstructed surface 
containing one dangling bond per atom. These dangling bonds are saturated by 
the atoms in the bottom layer which locates vertically on top of the base layer. 
One atom is absent in the bottom layer to create the “corner holes” in each 
corner of the (7×7) unit cell. The bottom layer is also called as the dimer layer 
because the atoms dimerize along the boundaries of each triangular subunit to 
form nine dimers. The dangling bonds on the dimer layer are in turn saturated 
by the atoms of the upper layer–the rest-atom layer. Each upper atom sits on 
the hollow site and saturates three underlying dangling bonds. In order to 
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saturate all the dangling bonds in the dimer layer, there is a stacking fault in 
one half of the unit cell emerging between the dimer and rest-atom Si layers. 
Thus, the rest-atom layer atoms in one subunit take the stacking fault sites 
while keeping the atoms in the other subunit occupying the “normal” sites. 
The 36 dangling bonds of the rest-atom layer are saturated by 12 adatoms in 
the top layer, thus leaving six completely unoccupied dangling bonds. The 12 
adatoms with one dangling bond per atom are arranged in a (2×2) geometry 
within each unit cell. The adatoms are divided into two types based on their 
spatially-inequivalent positions: the corner adatoms and the center adatoms. 
The physical origin and nature of the various surface states of the 
Si(111)-(7×7) surface have been extensively explored using inverse 
photoemission spectroscopy,26-27 angle-resolved ultraviolet photoelectron 
spectroscopy,28-29 current imaging tunneling spectroscopy,30-31 and theoretical 
methods.32-33 In Figure 1.4, the occupied surface state (S1) located at -0.2 eV 
and the empty state (U) at 0.5 eV with reference to the Fermi level are 
attributed to the states of the dangling bonds of the adatoms. The partly filled 
adatom dangling bonds lead to the metallic character of the Si(111)-(7×7) 
surface. The state S2 about 0.8 eV below the Fermi level is considered to 
correlate with the six rest atoms, and completely filled. This suggests that 
charge transfer occurs preferentially from adatoms to rest atoms, resulting in 
completely occupied dangling bonds at the rest atoms and partially occupied 
dangling bonds at the adatoms. This results in redistribution of the 19 
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electrons in the dangling bonds: the 14 electrons are located on the six rest 
atoms and one corner hole. The rest five electrons are distributed among 12 
adatoms. Therefore the electron-deficient adatoms and electron-rich rest atoms 
pairs can act as highly reactive di-radicals for covalent attachment of organic 
molecules. There is another state at -1.8 eV which originates from the 
backbonds of the adatoms.34 In addition, Becker et al.35 reported the difference 
in the local electronic structures of the faulted and unfaulted halves by 
studying their differences in the conductivity (dI/dV) at small Vbias in 1985. 
This result was further confirmed by the spatial measurements of conductance 
carried out by Kubby et al.36 in 1991, where the faulted half appears to be 0.2 
Å higher in topographic images than the unfaulted half, indicating a higher 
density of states associated with the layer resonance. The different electronic 
state densities of chemically-inequivalent Si atoms can be reflected in the 
occupied-state STM images. Such images show a significant contrast between 
two halves of the unit cell,22, 37-38 as shown in Figure 1.5. At a low sample bias, 
the STM images only show the adatoms. It suggests that the electronic density 
states of adatoms are close to the Fermi level while the electronic density 
states of the rest atoms are outside the range of the bias. The adatoms in the 
faulted half appear noticeably brighter than those in the unfaulted half.30, 35, 37 
Furthermore, three adatoms adjacent to the corner hole in each half unit cell 
appear slightly brighter than the other three center adatoms.38 This is 
attributable to that each center adatom faces two adjacent rest atoms while 
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each corner adatom has one. Thus, the charge transfer from center adatom to 
rest atom is roughly twice as much as that for the corner adatom. It leads to the 
corner adatom with a higher occupied density state, which attributes to the 
brighter appearance in the STM filled-state images. The rest atoms can be 
observed when decreasing the bias voltage to less than -0.7 V, which is in 
excellent agreement with the previous experiment results30-31 that the dangling 
bonds states of the rest atoms is located at 0.8 eV below the EF. 
1.2.2 The Ge(100) surface 
When the (100) surface of silicon or germanium is exposed by cutting the 
bulk crystal, each surface atom contains two dangling bonds with sp3 hybrid 
orbitals. In the late 1950s, Schlier and Farnsworth18 observed that the surface 
atoms of Si(100) and Ge(100) form rows of dimers based on LEED 
measurements. The formation of these dimers is governed by reducing the 
number of dangling bonds of an unreconstructed (100) surface. The bonding 
within these dimers is composed of a strong and fully-occupied σ bond as well 
as a weak and partially-occupied π bond. The particular arrangement of dimers 
results in a (2×1) reconstruction, as shown in Figure 1.6a. 
 The model proposed by Shlier and Farnsworth assumes that the dimers 
on the surface are symmetric when they explained the (2×1) LEED pattern. 
Symmetrical dimerization results in the Pz dangling bonds to form π and π* 
bands which are found to be degenerate, leading to a metallic surface character. 
However, Chadi39 theoretically suggested that the buckling of dimers can 
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further decrease the surface energy in 1979. By using a tight-binding scheme 
to optimize the total energy of the dimerized surface without introducing any 
symmetry constraints, he found that the symmetric dimers are energetically 
unstable and buckling of the dimers opens a gap between the highest occupied 
and lowest unoccupied surface states. The puzzling issue is apparent since the 
theoretical prediction is seemingly in disagreement with the original proposed 
model of symmetric dimerization. The conflicting arguments did not last long 
after both buckled (asymmetric) and non-buckled (symmetric) dimerizations 
of surface atoms were firstly imaged on Si(001) in real-space using STM by 
Tromp et al.40 and Hamers et al.41 in the mid of 1980s. The room-temperature 
Ge(100) surface was also found to have symmetric and asymmetric dimers in 
the first STM images42 in 1987. These STM evidence indicated that two dimer 
configurations are roughly equal in energy. At last after another decade of 
studying, it was finally realized that the presence of symmetrically appearing 
feature on the Ge(100) surface is due to rapid switching of the asymmetric 
dimers on the surface, which was established by Murray et al.43 in 1994 and by 
Röttger et al.44 in 1996. 
Each dimer exhibits slight buckling, resulting in charge transfer between 
its two neighboring dimer atoms. Therefore, the fully-occupied states 
associated with the filled π-bond are predominantly localized on one dimer 
atom and the unoccupied states associated with the empty π*-bond are 
predominantly localized on the other. The zwitterionic character of the dimer 
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atoms renders the surface susceptible to nucleophilically/electrophilically 
attack from the coming molecules. In addition, the geometric arrangement of 
buckled dimers produces more complex Ge(100)-c(4×2) and Ge(100)-p(2×2) 
reconstructions, as suggested in Figure 1.6b and c, i.e., In-phase buckling of 
neighboring dimer rows results in a p(2×2) reconstruction, while out-of-phase 
buckling results in a c(4×2) reconstruction. The density functional theory 
(DFT) calculations of Ge(100) found that the c(4×2) and p(2×2) are the most 
energetically stable reconstructions on this surface and have nearly equivalent 
energies.45-46 
Many studies have been performed to study the surface states of Ge(100) 
using tunneling microscopy,42, 47 angle-integrated photoemission,48 and first 
principle electronic structure calculation.49 It is found that there is a bandgap 
of 0.9 eV separating the occupied and unoccupied surface states. An 
occupied-state feature attributed to the π-bonding band is located at -1.0 eV 
while an unoccupied-state feature associated with the π*-anti-bonding band 
occurs at +0.9 eV. The surface state at -2.4 eV can be assigned to the 
σ-bonding band.  
1.3 Binding mechanisms of organic molecules on Si(111)-(7×7)/ 
Ge(100) 
To fabricate organic molecular architectures with custom-tailored 
chemical, physical, and electronic properties, it is very important to gain a 
detailed understanding of the reaction mechanisms of various organic 
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molecules on semiconductor surfaces. The adjacent adatom-rest atom pairs on 
Si(111)-(7×7) and the zwitterionic Ge(100) surface dimers can provide 
multiple reaction pathways to interact with organic molecules. Many examples 
of different reaction mechanisms, including cycloaddition reaction, dative 
bonding and dissociative reaction will be presented in the following 
subsections. 
1.3.1 Cycloaddition reaction 
The semiconductor surface reactivity can be explored by drawing 
analogies to well-known molecular systems in organic synthesis, such as 
cycloaddition reactions. Cycloadditions are two π bonded molecules 
approaching together to form a new cyclic product, losing π bonds and 
creating of new σ bonds. The cycloaddition reaction is classified based on the 
number of involved π electrons of reactant molecules in the reaction process, 
like [2+2]-, [4+2]- or [6+2]-like cycloaddition.  
On the Ge(100) surface, the analogy between the Ge=Ge dimer and the 
alkene group is reasonable as the surface dimer can be described as a σ bond 
coupled with a π bond. Thus the Ge surface dimer can undergo the most 
common [2+2]-like or [4+2]-like cycloaddition with unsaturated organic 
molecules. The two kinds of cycloaddition reactions on Ge(100) appear not to 
occur via a concerted mechanism, but follow a low-symmetry stepwise 
mechanism with a small activation barrier at room temperature. The 
mechanism may include the formation of a di-radical intermediate or a 
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π-complex precursor.50-51 Furthermore, the pathway for adsorption of 
compounds containing heteroatom such as O or N is theoretically suggested to 
be driven through a dative-bonded precursor state. While on the Si(111)-(7×7) 
surface, the adjacent adatom-rest atom pair with large difference in electron 
density can also serve as a particularly reactive di-radical, making covalent 
bonding with unsaturated organic molecules through [2+2]- or [4+2]-like 
cycloaddition possible.  
1.3.1.1 [2+2]-like cycloaddition 
According to the Woodward-Hoffman symmetry rules, [2+2]-like 
cycloadditions are “symmetry forbidden”.52 However, the experimental results 
showed that [2+2]-like cycloaddition reactions can occur on Ge(100) and 
Si(111)-(7×7) in a surprisingly feasible way even at room temperature. This is 
attributed to that the surface geometric and electronic effects enable the 
low-symmetry reaction to proceed. It has been proposed that the tilted Ge 
dimer geometry allows the alkene to asymmetrically approach the dimer with 
little or no energy barrier. While the heterogeneity of surface adjacent 
adatom-rest atom pair on Si(111)-(7×7) can also lead to the cycloaddition-like 
reaction observed on the surface. In addition, the zwitterionic character on 
tilted dimers of Ge(100) and charge separation on adjacent adatom-rest atom 
pair of Si(111)-(7×7) can facilitate dative bonding when adsorbates have lone 
pair electrons. The resulting dative-bonded adducts can act as a precursor state 
for cycloaddition reaction for many heteroatom-containing organic molecules. 
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The ethylene molecules undergo [2+2]-like cycloaddition on Ge(100) at 
room temperature where the π bonds of the ethylene and of the Ge=Ge dimer 
break and two new Ge-C σ bonds are formed.53-55 Lal et al.55 found that there 
are at least two molecular adsorption states for the [2+2]-like cycloadducts 
based on the appearance of two molecular desorption peaks in temperature 
programmed desorption (TPD) measurements. A later STM study54 showed 
two stable bonding configurations on the surface at room temperature, which 
are assigned to one ethylene molecule binding across a single Ge dimer 
(on-top configuration, Figure 1.7a) as well as one or two paired ethylene 
molecules end-bridging between two neighboring Ge dimers within the same 
dimer row [called single (Figure 1.7b) or paired end-bridge structure (Figure 
1.7c)], respectively. Theoretical calculations56 for ethylene on Ge(100) showed 
that the on-top [2+2] product is energetically favored. The other alkenes 
behave similarly as ethylene in the covalent binding on Ge(100) via formation 
of a di-σ-bonded product, including cyclopentene,51 cyclohexene,57 
1,5-cycloocatadiene,58 norbornadiene59 and styrene60-61. 
The adsorption products of acetylene on Ge(100) mimics those of 
ethylene to some degree, including a [2+2] di-σ bonded cycloaddition product 
and a single or paired end-bridge product. However, the triple bond in 
acetylene adds additional tetra-σ bonded products in which one acetylene 
molecule undergoes twice [2+2]-like cycloadditions to form four σ bonds with 
two adjacent Ge dimers. Theoretical calculations62 initially suggested that the 
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on top di-σ product is most energetic favorable for acetylene on Ge(100). 
However, STM images showed a conflicting result as Kim et al.63 observed 
the on-top di-σ products coupled with the tetra-σ products on the surface. The 
following DFT calculation64 reinterpreted that, similar to ethylene, the 
adsorption structures of acetylene on Ge(100) are described as the on top di-σ 
and pair end-bridge configurations.  
Some heteronuclear unsaturated organics that contain C≡N, or N=C=X 
functional groups undergo [2+2]-like cycloaddition on Ge(100). Although 
acetonitrile65 is not reactive on Ge(100) at room temperature, 2-propenenitrile, 
3-butenenitrile and 4-pentenenitrile react with Ge(100) via [2+2]-like 
cycloaddition as the minor reaction.66 In addition, the results for 1,4-phenylene 
diisocyanate67 and phenyl isocyanate68 adsorbed on Ge(100) suggest that they 
primarily form [2+2]-like cycloadducts across the C=N bond. For 
isothiocyanates molecules,68 they adsorb primarily via [2+2]-like 
cycloaddition across the C=S bonds as the major reaction, coupling with a 
small amount of the [2+2]-like cycloadducts formed across the C=N bonds.  
Early studies of ethylene69 and acetylene70 on Si(111)-(7×7) displayed 
di-σ products, referring to as [2+2]-like cycloadducts. Later studies suggested 
that the adjacent adatom-rest atom pairs with di-radical character are the active 
sites to react with ethylene and acetylene to form two new Si-C σ bonds.71-72 
On the basis of high-resolution electron energy loss spectroscopic (HREELS) 
results provided by Yoshinobu et al.,69-70 both ethylene and acetylene primarily 
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adsorb on Si(111)-(7×7) to form [2+2]-like cycloadducts without dissociation. 
The adsorption behavior is further confirmed by the later studies using STM 
and X-ray photoelectron spectroscopy(XPS), which suggest that ethylene 
molecules bridge-link with adjacent adatom-rest atom pairs71 and the primary 
products can be attributed to di-σ bonded cycloadducts.73 The theoretical 
calculations found that the pathway for ethylene adsorption on Si(111)-(7×7) 
is a barrierless di-radical reaction and there is no intermediate or transition 
state for the reaction process.74 Similar to ethylene, early theoretical studies 
proposed that [2+2]-like cycloadducts bridging the adatom-rest atom pairs are 
formed upon acetylene adsorption on Si(111)-(7×7),75-76 which was evidenced 
in STM,72 XPS77 and HREELS78 studies. The pathway for acetylene on 
Si(111)-(7×7) is quite different from that of ethylene, as two di-radical 
intermediate states and three transition states are involved in the reaction 
process based on the DFT calculation.74 Similar [2+2]-like cycloaddition 
binding also occurs for other non-conjugated unsaturated organic molecules 
on Si(111)-(7×7), including cyclopentene,79 cyclohexene,80 1,4-cyclohexai- 
-ene,80 acetonitrile.81 For molecules with large size such as 1,7-octadiene, 
1,6-heptadiene, they undergo double [2+2]-like cycloadditions via two 
unconjugated C=C bonds reacting with two neighboring adjacent adatom-rest 
atom pairs.82   
1.3.1.2 [4+2]-like cycloaddition 
The [4+2]-like cycloadditions refer to reactions for an organic compound 
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containing two conjugated unsaturated bonds reacting with a Ge dimer or an 
adatom-rest atom pair to form two new σ bonds and a new double bond 
between the original conjugated unsaturated bonds. For example, the IR 
spectrum of 1,3-butadiene adsorbed on Ge(100) concluded that the molecules 
primarily form [4+2]-like cycloadducts on the surface.83 The adsorption 
behavior of 2,3-dimethyl-1,3-butadiene closely resembles 1,3-butadiene on 
Ge(100), the [4+2]-like cycloadducts are the dominant species on surface. This 
type of reaction occurs once one unsaturated bond conjugates with another 
multiple bond, which does not necessarily only refer to C=C or C≡C bond but 
can also be the unsaturated C=O, N=N, C=N or C≡N bond. Based on the 
MIR-FTIR data, the [4+2]-like cycloadducts are the major products for 
ethylvinylketone on Ge(100) at room temperature. Among two possible [4+2] 
products, the [4+2] hetero-Diels-Alder is calculated to be kinetically favored 
as its reaction goes through a barrierless pathway.84 Similar results were 
obtained for 2-cyclohexen-1-one on Ge(100) but with [4+2]-like trans 
cycloaddition instead of [4+2] hetero-Diels-Alder cycloaddition as its primary 
reaction.84 In addition, Filler et al.66 also investigated the adsorption of 
2-propenenitrile on Ge(100). IR spectra showed that the conjugated 
unsaturated bonds in 2-propenenitrile prefer to form a hetero-Diels-Alder [4+2] 
product that includes a C=C=N ketenimine group. Besides the linear 
hydrocarbons, the aromatic hydrocarbon is another type of compound that 
contains at least two conjugated diene-like functionalities. Benzene is the 
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simplest aromatic molecule for which extensive studies were carried out on 
Ge(100). The majority of surface products are [4+2]-like cycloadducts for 
benzene adsorbed on Ge(100) at low temperature.85 
Because of the existence of particularly reactive di-radical sites on the 
adatom-rest atom pairs, the Si(111)-(7×7) substrate is available for 
chemisorptions of unsaturated organics through [4+2]-like cycloadditions.86 
For instance, Lu et al.74 showed that, using DFT calculations, 1,3-butadiene 
binds with Si(111)-(7×7) to form 2-butene-like product that includes only one 
single C=C bond. It is evident that [4+2] cycloaddition-like adsorption is not 
only thermodynamically but also kinetically favorable over [2+2] for both the 
s-trans- and the s-cis-conformations of 1,3-butadiene. Lu et al. also found that 
[4+2]-like cycloaddition reaction pathway is barrierless and adopts di-radical 
mechanism. Moreover, Baik et al.87 showed the STM evidence to conclude 
that the adsorption of 1,3-butadiene on Si(111)-(7×7) gives rise to [4+2]-like 
cycloadducts. Of particular interest is that besides the dominant pathway for 
1,3-butadiene reacting with adatom-rest atom pair via the stepwise pathway, 
1,3-butadiene can form [4+2]-like cycloadducts on the symmetric 
adatom-adatom pairs through the concerted reaction pathway as well. In 
addition, similar [4+2]-like reactions have been observed for acetylethyne,14 
methyl methacrylate,88 ethylvinylketone,89 acrylonitrile90 and cyanoacetylene91 
adsorbed on Si(111)-(7×7). 
 The attachment behavior of aromatic molecules on Si(111)-(7×7) 
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through [4+2]-like cycloaddition has been extensively studied as well. The 
early work provided by Y. Taguchi et al.92 suggested that benzene chemisorbs 
to the Si(111)-(7×7) surface via a π interaction. Another early study of benzene 
adsorption on Si(111)-(7×7) using HREELS and TPD indicated that benzene 
undergoes [4+2]-like cycloaddition and di-σ bonds to the asymmetric adatom 
and rest atom pair, forming a 1,4-cyclohexadiene-like product.93 Later STM 
studies confirmed the existence of di-σ bonded products bridging the 
adatom-rest atom pair.94 Recent DFT calculations demonstrated that the 
reaction pathway for the [4+2]-like cycloadduct is barrierless and 
thermodynamically favorable, following a stepwise and di-radical 
mechanism.74 Similar reaction mechanism is further confirmed in other 
aromatics including styrene,95 chlorobenzene,96 thipohene,97 pyridine,98 
furan,99 pyrazine100 and N-methypyrrole.101 
1.3.2 Dative bonding 
On Ge(100), dative bonding is possible because of the zwitterionic 
di-radical character of the tilted Ge surface dimer. As the electrons transfer 
from the down dimer atom to the up one, the electronically deficient down 
atom acts as an electrophile towards a Lewis base to form a dative bond. 
Similarly, the nucleophilic up atom can donate its charge to a Lewis acid that 
is electron deficient. In the case of Si(111)-(7×7), the electron density 
difference at adatoms and neighboring rest atoms makes them react as electron 
acceptors and donors with the impinging molecules to form dative bonds. On 
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the other hand, numerous [N, O, S]-containing molecules that contain lone 
electron pair may serve as Lewis bases to react with the electrophilic reactive 
sites on the Ge(100) or Si(111)-(7×7) surface, as shown in Figure 1.8a. The 
dative-bonded state could be the final product or a precursor for further 
cycloaddition or dissociative reaction. 
1.3.2.1 N-Containing molecules 
The investigations of the reactions of methylamine, dimethylamine and 
trimethylamine on Ge(100) by Mui and coworkers102 provided strong evidence 
for molecular chemisorption through the formation of Ge-N dative bonds. It 
was found that the N-H dissociation does not occur on Ge(100) for any of the 
alkylamines. Their DFT calculations showed that the activation energies for 
subsequent N-H cleavages on Ge(100) are much larger than those on Si(100). 
Such high barriers are related to the lower proton affinity of Ge over Si as one 
moves down group IV in the periodic table. During N-H cleavage, the ability 
of electron donation from the nucleophilic Ge dimer atom is weaker compared 
to its Si counterpart. Thus, N-H bond needs to stretch further to obtain 
sufficient electron density to form a Ge-H bond. This additional stretching can 
produce extra strain, leading to a higher activation energy. The participation of 
dative bonding with Ge dimers was also observed for other aliphatic or cyclic 
aliphatic amines like ethylamine,103 N,N-dimethylformamide, 1-methyl-2- 
-pyrrolidinone, n–methylcaprolctam,104 formamide, N-methylformamide, 




Aromatic amines are expected to react with surface through an analogous 
pathway. For example, Cho et al.,107 using a combination of STM and DFT 
calculations reported that pyridine molecules bind on Ge(100) via Ge-N dative 
bonding without loss of aromaticity. Furthermore, STM images showed that 
the dative-bonded monolayer is highly ordered and well-defined. In 
independent theoretical investigations, Hong et al.108 and Kim et al.109 
respectively identified that the dative-bonded pyridine molecules with a tilted 
configuration are most thermodynamically favorable, contrary to the Si(100) 
case where the cycloaddition-like reaction products with tight-bridge 
configurations are more stable by 0.96 eV than the dative-bonded adducts. The 
different behaviors of pyridine on Ge(100) and Si(100) surfaces can be mainly 
due to the fact that Ge-C bond strength is much weaker than that of Si-C 
covalent bond. 
If one molecule contains multiple nitrogen heteroatoms, it is possible that 
the molecule may undergo adsorption through the formation of multiple dative 
bonds. The study of pyrimidine/Ge(100) by Lee et al.110 demonstrated that 
pyrimidine adsorbs on the surface through the formation of double Ge-N 
dative bonds with retaining its aromaticity and binds on the bridge sites 
between the down-Ge atoms of adjacent Ge dimer rows. This corresponds to 
the appearance of oval-shaped protrusions that are arranged in a well-ordered 
c(4×2) structure at the coverage of 0.25 ML. Under continuous exposure, the 
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c(4×2) pattern converts to a p(2×2) structure which is attributed to the 
adsorbed pyrimidine molecules adopting a single dative-bond configuration.  
A number of studies have investigated the reactivity of the Si(111)-(7×7) 
surfaces towards the N-containing molecules to form dative-bonded products. 
For example, Cao et al.111 reported the formation of Si-N dative bonds upon 
trimethylamine (TMA) adsorption on Si(111)-(7×7), characterized by a N(1s) 
binding energy of 402.4 eV. More recently, the reaction pathway for pyridine 
on Si(111)-(7×7) was investigated using XPS and HREELS by Tao et al.,98 
who found that pyridine can serve as nucleophilic molecule to form a dative 
bond with the electrophilic adatom. The N 1s XPS spectrum obtained after 
annealing pyridine/Si(111)-(7×7) to 240 K shows two peaks at 401.8 and 
398.8 eV, which are assigned to the dative-bonded state and the [4+2]-like 
cycloadduct with Si-N and Si-C bonds, respectively. The dative-bonded states 
can further proceed and convert to the cycloadducts after increasing 
temperature. In particular, the chemical binding of pyrrolidine on Si(111)-(7×7) 
results in two dative-bonded adsorbate states (β1 and β2). The β1 state is related 
to a Siad—N-H···Sire surface species, where both dative bonding and 
hydrogen bonding are involved. For the β2 state, the adsorbed pyrrolidine 
molecules directly form the N-Siad dative bonds with the silicon surface 
adatoms.112 
1.3.2.2 O-Containing molecules 
As a simple O-containing molecule, acetone is widely used as a common 
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building block in organic chemistry. The adsorption property of acetone on 
semiconductor surfaces has been extensively investigated.113-115 Using IR 
spectroscopy, Wang et al.115 investigated acetone on Ge(100) and provided 
convincing evidence that acetone initially forms a weak, but stable dative bond 
on the surface up to 115 K as the binding energy is approximately 12 kcal/mol. 
At room temperature, the dative-bonded adducts cannot survive and undergo 
ene-like reaction. Similarly, in the case of ethyl vinyl ketone (EVK) on 
Ge(100),84 the dative-bonded state may be formed temporarily at low 
temperature with a binding energy of 11 kcal/mol. However it serves as a 
precursor for the following conversion to thermodynamically more favorable 
products via cycloaddition or ene reaction. 
Similar to the reaction of EVK on Ge(100), Tang et al.89 suggested that 
the datively bonded species of EVK are involved in the reaction process when 
the EVK molecules react with Si(111)-(7×7). EVK can nucleophilically attack 
the surface by donating electrons from the lone pair of its oxygen atom to the 
electrophilic Si adatom. The DFT calculations, together with the HREELS and 
XPS measurements showed that EVK selectively forms a [4+2]-like 
cycloadduct on the surface with the direct involvement of conjugated C=C and 
C=O bonds, following a pathway with a low energy barrier from the 
dative-bonded states to the [4+2]-like cycloadducts.  
1.3.2.3 S-Containing molecules 
Thiophene is a heterocyclic molecule that contains a sulfur atom and an 
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aromatic ring. It can chemically bind on the Si(111)-(7×7) and Ge(100) 
surfaces in different ways. For thiophene adsorption on Ge(100), two bonding 
features with S (2p) at 162.7 eV and 161.8 eV were identified in the 
photoemission spectroscopy (PES) studies, attributed to the dative bonding 
state and [4+2]-like cycloadduct.116 Furthermore, the STM images indicated 
that the thiophene molecules initially form one-dimensional molecular chains 
via Ge-S dative bonding at low coverages, while they chemisorb onto the 
surface through the [4+2]-like cycloaddition reaction at high coverages. DFT 
calculations agree with the experimental results and show that the [4+2]-like 
cycloadduct is thermodynamically favorable. However, the dative bonding is 
more kinetically favorable. Thus for thiophene on Ge(100), Ge-S dative 
bonding can exist on the surface, although the [4+2]-like cycloadduct is the 
most stable structure from the thermodynamic perspective. In contrast, 
thiophene binds on Si(111)-(7×7) via a [4+2]-like cycloaddition reaction to 
form a di-σ bonding configuration in which α-carbons in thiophene link the 
adjacent adatom-rest atom pairs.97 
1.3.3 Dissociative reaction 
As previously stated, [N, O, S]-containing molecules are likely to form 
dative bonding adducts on the semiconductor (Si/Ge) surfaces. For some 
simple molecules, the dative-bonded states are thermodynamically stable and 
may exist as the final surface species. In other cases, initial adsorption occurs 
to form the dative-bonded adducts, followed by the subsequent dissociation 
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via proton transfer on the surface, as shown in Figure 1.8b. 
1.3.3.1 N-H dissociation 
The adsorption of pyrrole on Si(111)-(7×7) and Ge(100) provides 
excellent examples to probe the reactivity of group IV semiconductor surfaces 
towards N-H dissociative reaction of amines. Pyrrole forms a mixture of 
dissociation reaction products on the Ge(100) surface.106, 117-119 Detailed IR 
spectroscopic experiments showed the large reduction in intensity of ν (N-H) 
mode coupled with the presence of the ν (Ge-H) mode at 1988 cm-1. These 
vibrational features clearly indicate the N-H dissociation upon pyrrole 
adsorption on Ge(100). However, the remaining small intensity of the ν (N-H) 
mode also implies a side reaction.106 The STM images revealed three distinct 
dissociation features for this molecule at low coverages.117 Feature A appears 
as bright protrusions located on one side of a dimer row. The most possible 
candidate for this feature is the C- and N-end-on structure in which pyrrole 
forms both Ge-N and Ge-C linkages on two neighboring Ge dimers via both 
N-H and Cα-H dissociative adsorption. Features B and C appear as similar 
flowerlike features, except that one of the hexagonal bright dots in Feature C 
disappears and shows as a dark site. A comparison of the simulated and the 
experimental STM images of Feature B reveals that H-dissociated pyrrole 
reacts with two down-Ge atoms in adjacent dimer row through Ge-N and 
β–carbon-Ge bonding and the dissociated H is removed out of the region of 
interest. While in Feature C, the dissociated H on one Ge atom is included in 
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the hexagonal feature. At low coverages, Feature C is found to be the most 
dominant configuration, which is consistent with the calculation result that this 
feature is the most energetically stable.117-119 Unlike other heterocyclic 
aromatic molecules, such as pyrrolidine and 3-pyrroline, forming nitrogen 
dative-bonded states on the surface with relative high binding energy of 
approximately 23 kcal/mol, the binding energy of the nitrogen dative-bonded 
states for pyrrole on Ge(100) is around 1.6 kcal/mol. Such weak adsorption 
energy is expected as the lone-pair electrons at nitrogen atom is delocalized 
over the aromatic ring and contributed to the π system. Consequently, forming 
the nitrogen dative-bonded state can lose the resonance energy. Furthermore, 
the barrier for the N-H dissociation through the nitrogen dative-bonded 
precursor is significantly higher compared to that of pyrrolidine and 
3-pyrroline. Accordingly, Wang et al.106 proposed an alternative barrierless 
pathway in which the N-H dissociation reaction for pyrrole occurs from the 
α-C dative-bonded state. 
The chemisorption of pyrrole on Si(111)-(7×7) is similar to that on 
Ge(100).120-121 The presence of N-Si and Si-H vibrational peaks, accompanied 
with the absence of N-H stretching feature, clearly demonstrates that pyrrole 
molecules dissociatively bind to Si(111)-(7×7) via N-H bond cleavage. Based 
on the STM images, the pyrrolyl radical and H are found to bind to the 
adjacent adatom-rest atom pair. Compared to the [4+2]-like cycloaddition, the 
dissociation at the N-H bond is calculated to be 24-31 kcal/mol more stable. 
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Peng et al.121 also suggested that the dissociation process for molecularly 
adsorbed pyrrole from the initial C adsorption is overall barrierless and 
kinetically more favorable.  
Typical N-H dissociation was also reported for ethylenediamine,122 
pyrrolidine,106 3-pyrroline,106 ethylamine,123 formamide, N-methylformamide, 
N-methylacetamide, N,N-dimethylacetamide,105 allyamine103, 123 on Ge(100), 
with trimethylamine, dimethylamine124 and aniline125 on Si(111)-(7×7). 
1.3.3.2 O-H dissociation 
Several research groups have focused on the adsorption of methanol on 
Ge(100) and provided convincing evidence that methanol molecules mainly 
undergo O-H dissociative adsorption on surface dimers. On the basis of the 
observed Ge-O-Ge, CH3, C-O and OH peaks in the HREELS spectra, Lim et 
al.126 concluded that the adsorption of methanol on the Ge(100) results in the 
dissociation reaction and can oxidize the Ge surface. STM images at different 
coverages provided by Bae et al.127 showed that methanol molecules 
dissociatively bind to Ge-Ge dimer and form a H-Ge-Ge-OCH3 configuration, 
while they can form dimer row-based chainlike arrays at high coverage. 
Theoretical studies127-128 indicated that OH-dissociative reaction is kinetically 
favorable and has an activation barrier that is easily overcome at room 
temperature. This type of reaction has been established with ethanol129 and 
allyl alcohol130 on the Ge(100) surface. 
The concept of O-H bond dissociative adsorption developed above for 
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methanol can easily be extended to the Si(111)-(7×7) surface. A related 
investigation by Xie et al.,131 employing STM and scanning tunneling 
spectroscopy (STS), reported that the methanol molecules dissociate on 
Si(111)-(7×7) by forming Siadatom-OCH3 and Sirest-H. The surface adsorption 
behavior is consistent with the photoemission spectra provided by Carbone et 
al.132 in which the C1s photoemission peak is related to the methoxy fragment 
formed after dissociative adsorption. The dissociative adsorption occurs 
readily even at 80 K with the formation of strongly bonded methoxy species 
(CH3O) and SiH.133 The behavior that accounts for the dissociative adsorption 
of ethanol,134 formic acid135-136 and methacrylic acid88 has also been reported.  
1.3.3.3 S-H dissociation 
Binding of sulfur on the Ge surface has been proven to be good 
passivation routes for Ge-based electronic devices. Kachian et al.137 observed 
the formation of Ge-S bond via S-H dissociation at 310 K upon ethanethiol 
adsorbed on Ge(100), as evidenced by appearance of the Ge-H stretch peak at 
1987 cm-1 together with loss of the S-H stretch mode at 2540 cm-1. Compared 
to the O-H dissociation of ethanol on Ge(100), the calculations showed the 
S-H dissociation is both kinetically and thermodynamically more favorable. 
The formation of Ge-S bond can also be achieved by selective attachment of 
some bifunctional molecules on the surface, such as mercaptamine and 
mercaptoethanol. Kachian and coworkers138 reported that both molecules 
adsorb on Ge(100) via S-H dissociation, whereas all mercaptoethanol products 
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can undergo additional surface reactions via O-H dissociation. However most 
mercaptamine adducts keep the amine groups intact without further N-H 
dissociation. This study implied that the distribution of adsorption products 
can be controlled by selectively choosing each moiety in organic molecules 
with bifunctional groups.  
In the case of Si(111)-(7×7), it is notable that the adsorption of mercaptan 
on the surface normally proceeds along the S-H dissociation. STM and PES 
studies reveal that benzenethiol and 1,4-benzenedithiol undergo dissociative 
adsorption through S-H cleavage on Si(111)-(7×7).139 The appearance of the 
surface S and p’ components which are assigned to the Si-S bond and the Si-H 
bond supports that the dominant surface species are the S-H dissociative 
adducts. In addition, the STM images suggested that benzenethiol molecules 
adsorb vertically on the surface with sulfur atoms binding to electrophilic 
adatoms, and hydrogen atoms linking to the neighboring nucleophilic rest 
atoms, while 1,4-benzenedithiol adsorbs on two adjacent Si adatoms with a 
bridging configuration. 
1.3.3.4 Ene-like reaction (α-CH dissociation) 
The ene-like reaction refers to the α-CH dissociation of a functional group 
in molecules. IR spectroscopic results by Wang et al.115 firstly showed ene-like 
reaction of acetone on Ge(100), as evidenced by the appearance of Ge-H and 
C=C stretching modes at 1967 and 1638 cm-1 concurrent with the loss of C=O 
stretching mode at 1710 cm-1 upon chemisorptions. Because of the dipolar 
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property in carbonyl functional group, the hydrogen atoms linked to the α-C 
show a slight acidity. This makes nucleophilic Ge dimer atoms easily abstract 
a hydrogen atom upon acetone datively-bonded with the surface through lone 
electrons pair of the oxygen, forming an enol-like adduct. Based on the 
comparative theoretical investigation of the relative energies and energy 
barriers of the transition states, it may conclude that the [2+2]-like C=O 
cycloaddition reaction for acetone on Si(100) is under kinetic control and the 
ene-like reaction for the acetone on Ge(100) is based on thermodynamic 
control, as shown in Figure 1.9. Although the chemisorption of acetone on 
Si(100) is found to form [2+2]-like C=O cycloaddition products at room 
temperature, Hamai et al.140 found that the cycloaddition reaction occurs 
predominantly at 365 K and the chemisorptions at 440 K are the 
predominantly dissociative species through the ene-like reaction. The 
calculations in the same work also predicted that the adsorption energy of the 
dissociation products is 8.5 kcal/mol above the cycloaddition species. 
According to the experimental and calculational data, it concluded that the 
major surface species convert from the thermodynamic unfavorable species to 
favorable ones as the reaction temperature increases. 
Very few studies observed ene-like reaction for organic molecules on 
Si(111)-(7×7). Cai et al.,141 using a combination of HREELS and XPS 
reported that chloroacetonitrile, propargyl chloride and 3-chloropropionitrile 
react with this surface through ene-like reaction, concurrently involving 
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N≡C/C≡C bonds as well as cleavage of the C-Cl/C-H bonds. The cumulative 
double bonds (Si-CH=C=CH2, Si-N=C=CH2, and Si-N=C=CH-CH2Cl) in the 
surface species were clearly identified.  
1.3.4 Reactions of multifunctional organic molecules 
To fabricate functional molecular templates on semiconductor surfaces for 
further applications, the basic binding mechanism of multifunctional organic 
molecules on semiconductor Ge(100)/Si(111) surfaces has drawn much 
attention. In particular, the binding of multifunctional molecules in a 
controlled manner is essentially required since one functional group can 
selectively bind to the semiconductor surfaces, whereas the remaining 
functionalities are intact for further applications. However even simple 
monofunctional organic molecule can produce multiple products on the 
surface from competitive different pathways. The complexity of reactions will 
be significantly enhanced when molecules containing multiple functionalities. 
Herein, we present several valuable studies of multifunctional organic 
molecules reacting with surfaces. 
Competition exists between [2+2]-like and [4+2]-like cycloadditions, as 
with 1,3-butadiene142 on Ge(100), with acetylethyne,14 acrylonitrile,90 
cyanoacetylene,91 diacetylene91 on Si(111)-(7×7). Cycloadditions also compete 
with dative-bonding or dissociation reactions, for instance, thiophene,116, 143 
pyrrole,106, 117, 119 and ethyl vinyl ketone84 on Ge(100), as well as methacrylic 
acid,88 methyl methacrylate,88 ethyl vinyl ketone,89 N-methylallylamine,12 
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N,N-dimethylallylamine,12 and 4-chloroaniline144 on Si(111)-(7×7). For some 
cases, competitive reactions result in concomitant surface adspecies. The 
adsorption behavior has been established for 2-propenenitrile,66 diacetylenes,50 
aliphatic amines,106 and 3-pyrroline106 on Ge(100), as well as furan99 and 
acetonitrile81, 145 on Si(111)-(7×7). In addition, for some reactants with more 
than one functional groups that are separated by long chains, either one or 
multiple functional groups can be involved in the surface reactions, such as 
glycine,146 serine,147 histine148 on Ge(100) and 1,7-octadiene,82 
1,6-heptadiene82 on Si(111)-(7×7). 
1.4 Reaction control, selectivity and surface patterning 
Organic functionalization of semiconductors has been driven by its 
potentially technological applications in molecular electronics, nanoscale 
electromechanical devices and silicon-based biological sensors. Most of the 
presumed applications require flexibility in the chemical attachment of 
multiple organic layers. To achieve this goal, one would like to deposit a 
well-ordered organic monolayer containing a reactive functional group 
exposed outward for the next-layer attachment. In this fabrication process, a 
bifunctional or polyfunctional organic molecule is usually used for the initial 
layer, which is challenging in the degree of selectivity towards a single 
product and the degree of ordering in the first organic layer. 
One approach is to design multifunctional compound that contains one 
functionality which can react more competitively over other functional groups 
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within this molecule. For example, previous work revealed that the reactions 
of glycine149-151 and 4-aminobenzoic acid152 on Si(111)-(7×7) lead to the 
selective cleavage of the O-H bond. In the resulting adsorbates on the surface, 
the remaining amine functional group can be used for the second-layer 
reaction. However, some desired functional groups that are expected to be 
retained for further reaction, such as carbonyls and epoxy groups, are possible 
to react directly with the active bare semiconductor surface. Therefore, it is 
important to design a system in which the introduced protecting group can 
block off the unwanted competing reaction at the protected functional group. 
Evidence12, 88 has been presented that substitution functionality can be 
employed as a tool to direct chemical reactions to take place at a specific 
moiety. Huang and coworkers88 reported the selective adsorption of 
methacrylic acid and methyl methacrylate on Si(111)-(7×7). The experimental 
results showed methacrylic acid dissociatively binds to the surface through 
breaking the O-H bond while methyl methacrylate reacts with the surface via a 
[4+2]-like cycloaddition. The different reaction selectivity demonstrates that it 
is possible to direct the surface reactions in a controllable fashion by 
fine-tuning the substitution groups, remaining the desired free functional 
group for developing multilayered modification. 
Long-range surface patterning also remains a problematic aspect in 
organic functionalization of semiconductors because of high sticking 
probability, multiple competing reaction pathways and strong bond strength 
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with the surface. Some work has devoted to form surface ordering by using 
the template with different electronically reactive sites. Zhang et al.9 formed 
molecular corrals on Si(111)-(7×7) by binding pyrrole molecules on adjacent 
center adatom-rest atom pairs through the N-H bond cleavage. Some other 
work demonstrated that the attractive interaction between the neighboring 
adsorbates can be used to form the surface networks.120 In addition, 
thermodynamic selectivity and control by changing adsorption temperature 
can enable “tuning” of the surface ordering. This is promising on Ge(100) 
due to reduced sticking probability and less strongly bonded surface 
products.  
1.5 Objectives and scope 
Although the intense interest and continuing studies have been focused on 
the interface properties for covalent attachment of organic functionality onto 
semiconductor surfaces as reviewed above, more work is desirable to 
understand how to design a system to control and manipulate the reaction 
selectivity and the surface ordering of adsorbates. Here several important 
research gaps of selective surface modification have been summarized. 
z Amount of studies on chemically binding of various organics on 
semiconductor surfaces have been proceeded. However, the major 
driving force behind the selective reaction of binding multifunctional 
compounds on surfaces and surface ordering of adsorbates is rather a 
difficult subject due to the lack of systematically understanding the 
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competitive reaction channels. 
z As the epoxide molecules can work as building blocks for fabricating 
the Si-based molecular electronics in which the organic molecules are 
used as the basic components. It is important to understand how to 
chemically manipulate the initial surface reaction in a selective 
process to keep the epoxy group intact for further modification. 
z While a wide range of studies contributed to investigating the 
multifunctional compounds in an effort to explore the fundamental 
mechanisms that govern pathway competition and enhance product 
selectivity, the relatively few studies focused on the formation of 
surface pattern using thermal annealing approach.  
The main aim of this thesis is to explore the chemical control of the 
selectivity in the reaction of multifunctional organic molecules on the surfaces 
by precisely tailoring the substitution groups, as well as successfully form the 
surface ordered molecular nanostructures by changing the experimental 
condition. Specifically, methyl oxirane, butadiene monoxide, 1-propanethiol 
and diacetyl were investigated theoretically and experimentally. My objectives 
and thesis organization are listed as follows: 
z STM is a powerful technology in providing atomic information on the 
spatial distributions of reactive sites, bonding sites and configurations 
of adsorbates on surfaces. HREELS is widely used to study the 
structure and orientation of adsorbates on surfaces. Calculation based 
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on density functional theory can predict all the possible surface 
reaction pathways, including the optimized adsorption structures and 
reaction barriers. In addition, the vibrational frequencies and 
simulated STM images can also be obtained from the calculation 
results. The principles of the surface analytical techniques, DFT 
calculations and experimental procedures are reviewed in Chapter 2. 
z Epoxide is a cyclic ether with three-membered ring that is highly 
strained. The strained ring makes epoxide more reactive than other 
ethers. In Chapter 3 and 4, methyl oxirane and butadiene monoxide, 
the simplest epoxide molecules, were investigated as a model for 
epoxides on Si(111)-(7×7) to elucidate the interfacial reaction 
mechanism and explore the effect of substitution group on reaction 
selectivity. The two molecules contain a common epoxy group and 
show a variation on substitution groups (-CH3 for methyl oxirane and 
-CH=CH2 for butadiene monoxide). The external substituted 
functionalities are expected to direct chemical reactions to occur at a 
desired moiety of the molecular system. The resulting organic 
monolayer on the silicon surface containing the intact epoxy groups 
can be employed as building blocks to develop Si-based site-selective 
system. 
z The ordered molecular nanocorrals are successfully formed on 
Si(111)-(7×7) upon selective dissociation of 1-propanethiol through 
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S-H cleavage. The site selectivity to form surface nanopatterns 
strongly depends on reaction temperatures. The results and discussion 
are presented in Chapter 5. 
z Chapter 6 presents the investigation on the adsorption and binding 
mechanism of diacetyl on Ge(100) with the purpose to understand the 
driving force that governs the selectivity and ordering of surface 
species by changing temperature. By combining STM and DFT 
calculations, the binding configurations and the most stable 
adsorption structures were investigated.  
z A conclusion is given in Chapter 7, where the results are summarized. 
The results of this thesis may shed light on not only controlling the degree 
of selectivity among adsorption products but also the degree of ordering in the 
surface organic nanostructures. The knowledge learnt from adsorption 
behaviors of epoxides on Si(111)-(7×7) may provide the possibility of 
manipulating the reaction selectivity by tailoring the molecular structures. 
Moreover, the studies of 1-propanethiol on Si(111)-(7×7) and diacetyl on 
Ge(100) are helpful to understand the formation mechanism of the surface 





























Figure 1.2: Top (a) and side (b) views of one Si(111)-(7×7) unit cell based on 
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Figure 1.3: Layer-by-layer construction of the Si(111)-(7×7) structure: (a) base 
layer, (1×1) unreconstructed surface; (b) the dimer layer, the bottom layer of 
the reconstructed double layer; (c) the rest atom layer, the second layer of the 
reconstructed double layer; and (d) adatom layer. The dashed lines show the 













Figure 1.4: The surface electron states on Si(111)-(7×7) (Adapted with 























Figure 1.5: STM images of Si(111)-(7×7) surfaces with different sample biases: 
(a) -0.5 V, (b) -0.6 V, (c) -0.7 V, (d) -0.8 V, (e) -0.9 V, (f) -1.0 V, respectively. 
The rest atoms become visible when the sample voltage is less than -0.7 V. All 
images are taken at tunneling current 0.4 nA in the scanning area of 5 nm × 5 

















Figure 1.6: Ball and stick model of the Ge(100) surface: (left) p(2×1) dimer 
reconstruction involving symmetric dimers; (middle) c(4×2) dimer 
reconstruction with titled dimers; and (right) p(2×2) dimer reconstruction with 
buckled dimers. The larger and smaller hollow circles refer to up and down 


































Figure 1.7: Possible bonding configurations of C2H4 chemisorbed on the 
Ge(100) surface: (a) on top, (b) single end-bridge configurations, and (c) 





































Figure 1.8: Schematic illustration of organic molecules dative bonded (a) and 






















































Figure 1.9: The majority for the adsorption of acetone on Si(100)-2×1 and 
Ge(100)-2×1 is different. (a) A [2+2] C=O cycloaddition is under kinetic 
control and observed on Si(100) at low temperature. (b) An ene-like reaction is 
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Chapter 2  
Experimental and Computational Methods 
 
2.1 Principles of surface analytical techniques 
Surface chemistry has drawn great practical interest in fields ranging from 
semiconductor technology to heterogeneous catalysis. It is obvious that the 
chemical reaction processes are influenced to a large extent by the surface 
condition, particularly the surface cleanliness and stability. Thus in order to 
maintain the surface original states for long enough to conduct experiments, 
ultrahigh vacuum (UHV) techniques is required to keep the contaminant and 
the residual gas above the surface sufficiently low. In addition, a large variety 
of surface analytical techniques need to operate in vacuum. This is because 
free particles such as electrons or ions used in the experimental techniques 
may be scattered by molecules in the gas phase. In this thesis, scanning 
tunneling microscopy (STM), high resolution electron energy loss 
spectroscopy (HREELS) and density functional theory (DFT) calculations 
were used to provide the physical topographies, chemical structures, electronic 
properties and a detailed description of binding mechanisms of adsorbates on 
semiconductor surfaces. In the following sections, UHV system and these 
analytical tools will be introduced.  
2.2 Ultra-high vacuum (UHV) chamber 
Our experiments were performed in a UHV chamber, which is 
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home-designed and customized with type-340 stainless steel from MDC 
Corporation (USA). The base pressure of the chamber is lower than 2×10-10 
Torr. To achieve and maintain this UHV condition, a variety of pumps, 
including turbo-molecular pump (Varian, USA), sputter-ion pump (Physical 
Electronics, USA) and titanium sublimation pump (TSP) (Physical Electronics, 
USA) were employed. From the kinetic theory of gases, the rate of surface 
incident flux by molecules (Z) is given by 
  𝑍 = 3.51 × 1022 𝑝(𝑀𝑇)−1/2 molecules cm−2s−1             (2.1) 
where p is the pressure, in Torr, M is the molecular mass, in g•mol-1, and T is 
the absolute temperature, in Kelvin.1 At a pressure below 10-9 Torr, the time 
for nitrogen molecules to form a monolayer on a typical metal surface (1015 
atoms cm-2) would be in the order of hours. The period time not only enables 
the preparation and maintenance of clean semiconductor surfaces, but also 
makes the surface-sensitive analysis feasible. 
The chamber is equipped with a HREELS (LK3000, LK Technologies, 
USA) and a variable-temperature STM (Omicron). An electron beam of 6.32 
eV is well defined sequently by two 127º sector electron energy 
monochromators. After the electron beam impinging on the sample surface at 
an incident angle of 60º with respect to the surface normal, the scattered 
electrons are collected and analyzed by two consecutive 127º cylindrical 
deflector analyzers, then amplified by channeltron and counted by detectors.2 
For achieving high-resolution STM images, it requires a high quality vibration 
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decoupling system. As shown in Figure 2.1, the base plate of STM is 
suspended by four springs which are used to isolate the vibration. A ring of 
copper plates that intercalate the permanent magnets surrounds the STM stage, 
further decreasing the external vibration. A push-pull motion (PPM) 
feedthrough is used to lock the spring suspension system, and sample or tip 
exchange can be handled by a pincer grip wobble stick. In addition, a cooled 
clamping block that can be slidden to cover the backside of the sample plate is 
thermally connected to a bath cryostat by a highly flexible copper braid. The 
cryostat is filled with liquid nitrogen via a cold finger at the base flange of 
STM chamber. In this manner, the sample can be cooled to ~130 K.   
The operation temperature of sample in our experiments is ranging from 
~1500 K to liquid nitrogen temperature. There are two kinds of manipulators 
to implement this process. One is an OMICRON UHV standard manipulator 
with a Dewar-type liquid nitrogen (N2) cooled sample holder, as shown in 
Figure 2.2. The manipulator can provide two modes of sample heating. The 
semiconductor sample can be annealed by directly passing a current through 
the sample via contact brush. The sample holder can also be resistively heated, 
where a current is passed through a ceramic enclosed tungsten filament. Figure 
2.3 shows the second manipulator that is used for the HREELS experiments. A 
Ta foil (thickness ~0.025 mm, Goodfellow) is sandwiched between two 
identical semiconductor samples by two Ta clips. The in-between Ta foil is 
then spot-welded to two Ta rods at the bottom of a Dewar-type liquid nitrogen 
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(N2) cooled sample holder. The samples can be resistively heated by passing 
the current through the Ta foil. The temperature is measured by a C-type 
(W/Re5%-W/Re26%) thermocouple. For the STM manipulator, the 
thermocouple is spot-welded to the screw on the stage, while it is spot-welded 
to the Ta clip on the manipulator for HREELS. The temperature higher than 
550 ºC can also be monitored using a portable optical pyrometer (TR-630, 
Minolta), with a temperature resolution of ± 10 K below 1000 K. In addition, 
110 K can be achieved by filling the sample holder with liquid nitrogen for 
both of the manipulators. The detail information of sample preparation and 
organic chemicals are in the experimental section of chapter 3-6. 
2.3 Scanning tunneling microscopy 
The STM was invented at the IBM Zürich Research Laboratory in March 
of 1982,3 and earned the two protagonists, G. Binnig and H. Röhrer a Nobel 
Prize. Since then the STM has quickly developed into an invaluable and 
powerful surface technique for obtaining atomic-resolution images. The STM 
is used to extensively study the semiconductor surfaces for several reasons.  
z The high resolution of STMs enables researchers to resolve the 
atomic structures of surfaces (1 Å lateral resolution and 0.1 Å depth 
resolution).  
z The STM can provide the information of the surface geometric and 




z The operation environment of STM is not limited in ultra-high 
vacuum and working under air or liquids is also feasible. The working 
temperature can range from near zero Kelvin to hundreds of degree 
Celsius. 
In addition to the great technological advantages above, semiconductors 
serve as attractive candidates for STM studies as its unique characteristics. 
z A variety of interesting surface reconstructions are not easily captured 
using conventional surface techniques.  
z The localized surface states make studying and understanding the 
electronic properties of semiconductors an attractive and challenging 
scientific project. 
2.3.1 Operation principle and instrumentation 
The principle of STM is based on the quantum mechanical tunneling 
effect. Figure 2.4 illustrates the energy diagram for a tip separated with a 
conducting surface by a vacuum region. Without any bias, the Fermi levels (Ef) 
of tip and sample distribute independently below the infinite potential energy 
level (vacuum level) by their work function Φ, respectively. When the 
atomically sharp metallic tip is approaching towards the surface within a 
distance of a few angstroms (typical 5-10 Å), tunneling electrons can 
overcome the small vacuum barrier and produce a small, yet measurable 
current, which allows the Fermi levels to equalize. The magnitude of the 
current decays exponentially with the tip-sample distance. If the tip is biased 
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by a negative voltage when the sample is grounded, the Fermi level of the tip 
will move up. The tunneling current flows from the filled tip states into the 
empty sample states. By biasing the tip positively with respect to the sample, 
electrons will tunnel in the opposite direction. The intensity of tunneling 
current is a measure of the overlap of the two wavefunctions, the sample to tip 
distance, as well as the bias voltage applied: 
𝐼𝑡 = 𝐼(?⃗? , 𝑑, 𝑉)                          (2.2) 
where ?⃗?  is the lateral position of the tunneling position on the sample, d 
stands for the distance between the sample and the tip, V is the applied bias 
voltage. If the tip is scanned across the surface, the tunneling current changes 
accordingly with the surface topography and the local density of states of the 
sample.  
Based on Equation 2.2, several scanning modes may be employed. Figure 
2.5a shows the ‘constant current’ mode. In this case the feedback loop adjusts 
the d at each scanning point for keeping the tunneling current constant. The 
records of the feedback signal are converted to deduce the vertical position of 
the tip as a function of its lateral position, resulting in an image of the surface 
topography. An alternative scanning mode is called ‘constant height’ mode, as 
shown in Figure 2.5b. The tip is scanned across the xy-plane surface whilst 
remaining stationary in height and voltage. The tunneling current is changing 
as a result of variations in d, that is associated with the surface roughness. In 
addition, the local density of states (LDOS) can also be investigated with the 
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tunneling spectroscopy capability. The averaged DOS of the sample is 
extracted from revealing the different conductance (dI/dV) point by point at 
target location. During scanning tunneling spectroscopy (STS) measurements, 
we record the tunneling current signal as a function of the bias voltage by 
fixing the lateral position ?⃗?  and distance d at a specific site. By measuring 
dI/dV along a line or in a two-dimensional map, the variation in LDOS with 
different sample surface near Fermi level can be explored and compared with 
the theoretical predictions. 
A typical STM apparatus is described schematically in Figure 2.6. A 
tungsten tip is produced by electro-chemical etching method. This sharp tip is 
then mounted on a piezoelectric tube scanner which consists of three mutually 
perpendicular piezoelectric transducers. After applying voltages to each 
element individually, the tip can move in the x-, y-, and z-directions with a 
high degree of accuracy. The piezoelectric scanner is further attached on a 
coarse positioner, which is used to quickly expand or contract the scanner 
from the sample. Clearly, any external vibration from the surroundings will 
lead to decrease the resolution and reproducibility of imaging, or even the 
possibility of tip crash, hence vibration isolation system that consists of coil 
spring suspensions with magnetic eddy current damping must be employed. 
Another indispensable component of STM is a set of electronics, which 
amplifies and detects the small tunneling current (~10 pA – 1 nA), controls the 
piezoelectric scanner tube with feedback, supplies the bias voltages applied on 
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the tip, and also drives the coarse positioning.4-7 
2.3.2 Theory 
The operation of STM relies on electron quantum tunneling effect. For 
quantifying the tunneling current, one of the most popular theoretical models 
was proposed by Tersoff and Hamann8-9, which is based on Bardeen’s model10. 




∑𝑓(𝐸𝑇)[1 − 𝑓(𝐸𝑠 + 𝑒𝑉)]|𝑀𝑇𝑆|2𝛿(𝐸𝑇 − 𝐸𝑠)
𝑇,𝑆
                     (2.3) 
where 𝑓(𝐸) is the Fermi-Dirac distribution function. Thus, 𝑓(𝐸𝑇) represents 
the probability that a tip state is occupied at 𝐸𝑇, while 1 − 𝑓(𝐸𝑠 + 𝑒𝑉) is the 
probability of sample empty state at energy of 𝐸𝑠 + 𝑒𝑉, where V is the applied 
voltage. Equation (2.3) describes all the possible elastic tunneling of electrons 
from occupied tip states to the empty sample states. According to the Bardeen 
formalism10, the 𝑀𝑇𝑆, the tunneling matrix element between tip and sample 




∫𝑑𝐴 ∙ (𝜓𝑇∗ ?⃗? 𝜓𝑠 − 𝜓𝑠?⃗? 𝜓𝑇∗ )                                         (2.4) 
where the integral is over any surface lying entirely within the barrier region 
that locates between the tip and sample. 
In order to study the tunneling current only from the intrinsic property of 
the surface, Tersoff and Hamann simplify equation (2.3) by assuming the 
approximation of an ideal hemisphere tip with a radius of curvature R and 
asymptotic spherical wavefunctions (s-wave). Now the tunneling current can 
be given as: 
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𝐼 = 𝑉 ∙ 32𝜋3ℏ−1𝑒2∅2𝐷𝑇(𝐸𝑓)𝜅−4𝑒2𝜅𝑅∑|𝜓𝑠(𝑟0⃗⃗  ⃗)|2𝛿(𝐸𝑠 − 𝐸𝑓)
𝑠
              (2.5) 
Where 𝑟0⃗⃗  ⃗ is the surface location, ∅ is the sample work function, 𝐷𝑇 is the 
tip density of states per unit volume, 𝐸𝑓  is the Fermi level. 𝜅 =
2√2𝑚(𝜙 − 𝐸) ℏ⁄  is the inverse decay length for the sample wavefunctions 
inside a vacuum barrier, and ∑ |𝜓𝑠(𝑟0⃗⃗  ⃗)|2𝛿(𝐸𝑠 − 𝐸𝑓)𝑠  is 𝜌(𝑟0⃗⃗  ⃗, 𝐸), the surface 
Local Density of States (LDOS). 
According to this, the tunneling conductance is proportional to the 
Density of States (DOS) of the surface at the tip position 𝑟0⃗⃗  ⃗: 
𝜎 ≈ 0.1𝑅2𝑒2𝜅𝑅𝜌(𝑟0⃗⃗  ⃗, 𝐸)                                               (2.6) 
and because |𝜓𝑠(𝑟0⃗⃗  ⃗)|2 ∝ 𝑒−2𝜅(𝑅+𝑑), then Equation 2.6 can be described as: 
𝜎 ∝ 𝑒−2𝜅𝑑                                                                      (2.7) 
which indicates the exponential dependence of 𝜎 on the distance between the 
tip and the sample. This guarantees STM the ability of high sensitivity to 
vertical changes. 
However, the Tersoff and Hamann’s approximation is extremely 
simplified since it assumes the bias with very low voltages and the tip with 
spherical symmetry. A more realistic approximation of the sample’s density of 
states at finite bias voltages V is obtained from modified Tersoff-Hamann 
tunneling current. In this case, the biases are usually in the scale of volts, and 
the contribution to the tunneling current by density of states in this energy 
range is integrated, including a transmission coefficient as a weighting factor. 
The tunneling current is thus given as: 
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𝐼𝑡(𝑉) ∝ ∫ 𝜌𝑡(𝐸 − 𝑒𝑉)𝜌𝑠(𝐸)𝑇(𝒵, 𝐸, 𝑒𝑉)𝑑𝐸
𝐸𝐹+𝑒𝑉
𝐸𝐹
                            (2.8) 
here 𝜌𝑡 and 𝜌𝑠 are the densities of states for the sample and the tip, 
respectively. The transmission factor 𝑇(𝒵, 𝐸, 𝑒𝑉) indicates its dependence on 
the tip-sample separation 𝒵, the energy E and the applied bias voltage V. Thus, 
the tunneling current is a convolution of density of states of tip and sample and 
transmission coefficient. In the case of small bias, by assuming constant 
𝜌𝑡 and T, the tunneling current can be integrated in the (𝐸𝐹, 𝐸𝐹 + 𝑒𝑉) energy 
region. 
2.4 High resolution electron energy loss spectroscopy  
The development of high resolution electron energy loss spectroscopy 
(HREELS) by Ibach and coworkers11 in the early 1970’s effectively 
revolutionized the surface analysis. The EELS utilizes the interaction of 
relatively low energy electrons (1-10 eV) with the surface electric fields 
produced by adsorbates and substrate. By analyzing vibrational modes from 
the inelastically scattered electrons, the technique can provide the information 
of molecular orientation and binding structures of adsorbates on the surfaces.  
Two inelastic excitation mechanisms give rise to HREELS spectra: dipole 
scattering and impact scattering. In dipole scattering, the incident electrons 
that can be treated similarly to an electromagnetic wave interact with surface 
oscillating dipoles via a long-range electrostatic interaction. Dipole-scattering 
mechanism is thus governed by the harmonic-oscillator selection rules: (i) 
only fundamental transitions are allowed; and (ii) only vibrations accompanied 
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by a change in the molecular dipole moment are observed. There are two 
additional selection rules on metal surfaces. The first one is that only modes 
with component of vibration perpendicular to the surface can be excited. The 
dynamic dipole moment by an adsorbed dipole that locates in the 
surface-parallel direction is cancelled by its imaging dipole (Figure 2.7a). 
Hence, the net dynamic dipole moment is zero. Whereas the adsorbed dipole is 
oriented perpendicularly to the surface, its dynamic dipole moment doubles by 
its imaging dipole (Figure 2.7b). The second dipole-scattering selection rule 
indicates that the peak intensity is at a maximum at the specular mode where 
the angle of incidence equals to the angle of reflection, as shown in Figure 
2.8a. In contrast, impact scattering is the direct scattering of electrons from the 
adsorbed molecule by short range interaction. All vibrational modes that can 
be excited from impact scattering produce a broad angular distribution. 
Impact-scattered vibrations can be collected if detection is at angles away 
from the specular direction (off-specular mode, Figure 2.8b). In addition, 
impact scattering is more likely to be dominant at higher vibrational energies.  
Figure 2.9 shows a typical HREELS instrumentation and its structural 
diagram. Firstly, the electrons are generated by the cathode made of LaB6. 
After going through a lens system, the electrons are monochromated by a 
two-stage 127º cylindrical deflector monochromator (CDM). The electrons are 
then focused by a lens system onto the sample with an incident angle of 60º. 
The scattered electron beam enters a two-stage 127º cylindrical deflector 
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analyzer (CDA), and finally amplified by a channeltron and counted by 
detectors. 
Compared to fourier transform infrared spectroscopy (FTIR), HREELS 
can provide a higher surface sensitivity and wider energy range of vibration 
from 100-8000 cm-1. In addition, HREELS can be used to explore electronic 
transitions of both clean and adsorbate-covered surfaces. However, the 
particular disadvantages of HREELS are its poor resolution as a typical 
electron spectroscopy and the constraint of vacuum environment. Nevertheless, 
as a surface sensitive vibrational tool, the HREELS method has been 
extensively used to probe the vibration of substrate-adsorbate bonds, the 
structure and binding modes of adspecies and provide information about the 
geometry of adsorbed molecules. 
2.5 Density functional theory 
Density functional theory has been one of the most popular and successful 
quantum mechanical approaches for understanding the basic principles and 
concepts in surface chemistry. The existence of a universal functional of the 
density 𝐹[𝜌(𝑟)] was proven by Hohenberg and Kohn in 1964.12 It states that 
𝐹[𝜌(𝑟)]  is independent of the external potential, 𝑉𝑒𝑥𝑡(𝑟) , and the 
ground-state energy of the system can be obtained by minimizing the total 
energy in terms of the charge density 𝜌(𝑟). 




𝐸[𝜌(𝑟)] = ∫𝑉𝑒𝑥𝑡(𝑟)𝜌(𝑟)𝑑𝑟 + 𝐹[𝜌(𝑟)]                                       (2.9) 
where the first term describes the interactions of the non-interacting electrons 
with an external field 𝑉𝑒𝑥𝑡(𝑟) (due to the Coulomb interactions with the 
nuclei). 𝐹[𝜌(𝑟)] arises from both the kinetic energy of the electrons and the 
interelectronic interactions. 
In 1965, Kohn and Sham made a major step towards a practical way to 
quantitatively model the electronic structure.13 In this method, 𝐹[𝜌(𝑟)] in 
Equation 2.9 is given by: 
𝐹[𝜌(𝑟)] = 𝐸𝐾𝐸[𝜌(𝑟)] + 𝐸𝐻[𝜌(𝑟)] + 𝐸𝑋𝐶[𝜌(𝑟)]                       (2.10) 
In the equation, 𝐸𝐾𝐸[𝜌(𝑟)]  is the kinetic energy of a system of 
non-interacting electrons with a charge density of 𝜌(𝑟), where 𝐸𝐻[𝜌(𝑟)] 
contains contributions from the electron-electron Coulombic energy, and 
𝐸𝑋𝐶[𝜌(𝑟)]  includes contributions from exchange and correlation, also 
contains the difference between the kinetic energy of the real interacting 







𝛹𝑖(𝑟)𝑑𝑟                                (2.11) 
The second term, 𝐸𝐻[𝜌(𝑟)] is defined as the Hartree electrostatic energy and 
arises from the average repulsion potential experienced by the i’th electron due 







𝑑𝑟1𝑑𝑟2                                            (2.12) 
Thus, after treating the electrons as N fictitious non-interacting particles 
moving in an effective M-nuclei potential, the Kohn-Sham scheme can be 
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𝑑𝑟1𝑑𝑟2 + 𝐸𝑋𝐶[𝜌(𝑟)] 





𝜌(𝑟)𝑑𝑟                                                                    (2.13)  
The Kohn-Sham assumption is that the K-S density 𝜌(𝑟) is equal to the 
true charge density, which equals to the sum of the non-interacting reference 
system composed of one-electron wavefunctions:  




The introduction of equation (2.14) and the application of variational 














𝑑𝑟2 + 𝑉𝑋𝐶[𝑟1]}𝜓𝑖(𝑟1) = 𝜀𝑖𝜓𝑖(𝑟1)       (2.15) 
where 𝜀𝑖  are the orbital energies, and 𝑉𝑋𝐶  is known as the local 





)                                                     (2.16) 
The remaining issue is to find the appropriate exchange-correlation 
functional which describes the effects of the Pauli principle and Coulomb 
potential beyond a pure electrostatic interaction of the electrons. In order to 
solve the many-electron system problem, the accurate exchange-correlation 
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potential becomes necessary. A common and simple approximation is the 
so-called local density approximation (LDA) that substitutes the 
exchange-correlation energy of a model system by that of an electron gas 
evaluated at the local density.14-15 The LDA approximation assumes that the 
density varies slowly on an atomic scale and the inhomogeneous density of a 
molecule can be calculated using the homogeneous electron gas functional. 
Thus, 𝐸𝑋𝐶 can be obtained by integrating over all space: 
𝐸𝑋𝐶[𝜌(𝑟)] = ∫𝜌(𝑟) 𝜀𝑋𝐶[𝜌(𝑟)]𝑑𝑟                                                (2.17) 
where 𝜀𝑋𝐶[𝜌(𝑟)] is the exchange-correlation energy per electron as a function 
of the density in the homogeneous electron gas. 
The accuracy of this method can be improved by taking into account of 
the inhomogeneity of the electron gas. A common method is to include the 
gradient of the density onto the functional. Generalized gradient 
approximations (GGA) considers the gradient of the density at each point in 
space and its gradient is given as: 
𝐸𝑋𝐶[𝜌(𝑟)] = ∫𝑓 (𝜌(𝑟𝛼), 𝜌(𝑟𝛽), 𝛻𝜌(𝑟𝛼), 𝛻𝜌(𝑟𝛽)) 𝑑𝑟               (2.18) 
where α and β are the spin up and spin down, respectively. A reduced 
density gradient for spin σ refers to the inhomogeneity of electron density: 
                       𝑠𝜎(𝑟) =
|𝛻𝜌𝜎(𝑟)|
𝜌𝜎4 3⁄ (𝑟)
                                                                         (2.19) 
The gradient 𝑠𝜎(𝑟) is used to improve the LDA exchange functional: 
𝐸𝑋𝐺𝐺𝐴(𝜌(𝑟)) = 𝐸𝑋𝐿𝐷𝐴(𝜌(𝑟)) −∑∫𝐹(𝑠𝜎)𝜌𝜎4 3⁄ (𝑟)𝑑𝑟              (2.20)
𝜎
 
where different types of 𝐹(𝑠𝜎) have been empirically determined based on 
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the results of rare gas atoms from He to Rn with known exchange energies. 
A good approximation to 𝐸𝑋𝐶 is typically based on the combination of 
different exchange and correlation functionals. Examples of such functional 
are the Becke exchange plus Lee-Yang-Parr correlation in BLYP,16-17 the 
Perdew-Wang generalized-gradient approximation in PW91,18 and the 









































Figure 2.3: Schematic diagram of the sample manipulator and sample 
assembly for HREELS experiment. (a) Sample; (b) Ta patch; (c) C-type 















Figure 2.4: The energy level diagram of an STM tip and a sample with a bias 
eV. 𝐸𝑉 and 𝐸𝑓 are the vacuum and Fermi level, while 𝜙𝑆 and 𝜙𝑇 represent 
the work functions of the sample and the tip, respectively. (a) Tunneling 
process at a positive sample bias, electrons tunnel from the tip to the empty 
states of the surface; (b) Tunneling process at a negative sample bias, electrons 



























































Figure 2.7: Scheme of dipole scattering. (a) In the parallel orientation, the 
dynamic electric moment of the dipole is cancelled by its image dipole; (b) 
The dynamic electric moment of the dipole oriented vertical to the surface 
























Figure 2.8: The schematic illustration of specular and off-specular geometries 
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Chapter 3  
Reaction Mechanism and Regioselectivity of Methyl 
Oxirane on Si(111)-(7×7) 
 
3.1 Introduction 
Growing interests have been devoted to understanding the chemisorptions 
of organic molecules on semiconductor surfaces because of the diversity and 
selectivity of organic functional groups, facilitating their various potential 
technological applications such as biosensors, insulator films and molecular 
devices.1-4 For successful device fabrication, the pre-requisite ability is to 
incorporate molecular functionalities onto the surface in a controllable fashion. 
To achieve this goal, a thorough study of the selectivity of the reaction 
pathway, reaction site and binding configuration is readily required.    
The technologically important Si(111)-(7×7) superlattice, which contains 
various chemically, spatially and electronically inequivalent reactive sites is a 
perfect template to investigate the covalent attachment of organic molecules 
with different functionalities to the silicon surface. This surface is well 
interpreted by the widely accepted dimer-adatom-stacking (DAS) fault model 
proposed by Takayanagi et al..5-6 Accordingly, a total of 12 adatoms in the first 
layer, six rest atoms in the second layer, and one corner atom in the fourth 
layer account for 19 dangling bonds in each unit cell. The distribution of 
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electron density on the dangling bonds is diverse due to the charge transfer 
from adatoms to rest atoms. Each rest atom has a charge of ~−1, acting as an 
electron donor. In contrast, each adatom carrying a charge of ~+7/12 can serve 
as an electron acceptor. Abundant studies have demonstrated that the adjacent 
adatom-rest atom pair can be used as a “diradical” to react with unsaturated 
organic molecules.7-17 
Previous work has reported that organic molecules containing one or more 
unconjugated C=C, C=O or C≡N bonds mainly react with Si(111)-(7×7) 
through the [2+2]-like cycloaddition.18-20 When molecules containing 
conjugated two or more unsaturated bonds such as C=C-C=C, C=C-C=O or 
C≡C-C=O, the reaction mechanism becomes complicated, and normally, the 
[4+2]-like cycloaddition occurs.7, 21-22 Epoxide molecules, which belong to 
cyclic ether with a three-membered epoxy ring, are widely used in adhesives, 
paints and chiral chemical industries, yet their adsorption behaviors on the 
silicon surfaces are less studied. Ferraz et al.23 theoretically examined the 
reaction of ethylene oxide with Si(100) and found that C-C bond in the epoxy 
group breaks and results in a Si-C-O-C-Si ring upon adsorption. In contrast, 
the first theoretical calculation24 for methyl oxirane on Si(100) demonstrated a 
regioselective cleavage of C(methyl-substituted)-O bond in the epoxy ring, 
followed by Si-O and Si-C bonds formation. This adsorption behavior was 
further confirmed by the subsequent experimental study,25 which also 
suggested that an epoxy ring-opening reaction occurs through one C-O bond, 
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resulting in a five-membered ring surface species when the methyl oxirane 
molecules chemisorb on the Si(100) surface. Therefore, the binding 
mechanism of the epoxy group reacting with the Si dimers is still in debate, let 
alone the neighboring adatom-rest atom pair on Si(111)-(7×7).  
In this study, the adsorption of methyl oxirane on Si(111)-(7×7) is 
systematically studied to serve as a model system to investigate the 
functionalization of the Si(111)-(7×7) surface with the epoxide molecules. Our 
experimental data together with the DFT calculations demonstrate that methyl 
oxirane chemically binds to Si(111)-(7×7) through both the O→Si dative 
addition and ring-opening reaction of the epoxy group with the adjacent 
adatom-rest atom pair to form Si-C(O) σ linkages. 
3.2 Experimental and computational details 
The experiments were performed in an ultrahigh vacuum (UHV) chamber 
with a base pressure lower than 2×10-10 Torr. The chamber is equipped with a 
variable-temperature STM (Omicron) and a HREELS spectrometer 
(EELS-3000, LK Technologies). The vibrational spectra were collected in a 
specular mode with an electron beam of 6.32 eV impinging on the sample 
surface at an incident angel of 60º (with respect to the surface normal). The 
energy resolution of the elastic peak indicated as the full width at 
half-maximum (FWHM) could be routinely achieved to be ~58 cm-1. STM 
worked in a constant-current mode with a tunneling current of 0.1 nA. All 
voltages (Vs) in this study were biased to the sample. 
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The sample used in the STM experiments was cut from a commercial 
P-doped mirror-polished Si(111) wafer with a resistivity of 1-2 Ω·cm and a 
dimension of 12 mm × 2 mm × 0.5 mm. The sample was cleaned by a standard 
annealing-only method. The clean and well-reconstructed Si(111)-(7×7) 
surface could be confirmed by STM. For the HREELS experiments, the size of 
the sample was 18 mm × 8 mm × 0.5 mm. A Ta-foil (used as a resistive heater, 
thickness of 0.025 mm) was sandwiched between two identical Si(111) 
samples with Ta clips, and in turn spot-welded to two Ta rods at the bottom of 
a Dewar-type sample manipulator. The sample could be resistively heated to 
1250 K or cooled down to 110 K with liquid nitrogen. The clean Si(111)-(7×7) 
surface was prepared by several cycles of Ar-ion sputtering and annealing to 
1200 K. The cleanliness of the sample could be verified by the absence of C-H 
stretching peak in the HREELS spectra.  
Methyl oxirane (Sigmal-Aldrich, 99%) was dosed into the chamber after 
being purified by several freeze-pump-thaw cycles. The STM scanning was 
performed during methyl oxirane exposure at room temperature. Thus, the 
amount of molecules exposed to the surface was directly monitored by STM. 
The surface coverage in STM images refers to the percentage of Si adatoms 
bonded with adsorbates. In the HREELS experiments, however, a direct 
dosing was performed through a dosing tube with its aperture five-centimeter 
away from the sample. The exposure is reported in Langmuirs (1 Langmuir = 
10-6 Torr·s).  
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A cluster model (Si16H18) was cut from the faulted half of the Si(111)-(7×7) 
unit cell and relaxed without any geometric constrains, as shown in Figure 3.1. 
This cluster includes an adjacent adatom-rest atom pair and serves as the 
substrate for binding methyl oxirane. Previous studies have proved its success 
in predicting the adsorption energies, binding configurations and reaction 
pathways of organic molecules chemisorbed on Si(111)-(7×7).22, 26-30 The DFT 
calculations were performed using the DMol331-33 code in Materials Studio. In 
our calculation, the exchange-correlation potential was incorporated in the 
generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 
functional (PBE).34 The force convergence criterion was set to be 0.02 eV/Å. 
3.3 Results and Discussion 
3.3.1 High-resolution electron energy loss spectroscopy 
Figure 3.2a shows the HREELS spectrum of Si(111)-(7×7) exposed to 1.5 
L of methyl oxirane at 110 K. The vibrational features agree well with the 
infrared spectrum of liquid phase methyl oxirane35-36 and show no presence of 
new vibrational peak of Si-C or Si-O bond. This suggests the formation of 
physisorbed methyl oxirane multilayer on the surface. Among these 
vibrational peaks, the intensities at 2950, 1456, 1040 and 940 cm-1 are 
assigned to the stretching, deformation, wagging and rocking modes of 
C(sp3)-H, respectively. The ring deformation locates at 895 and 822 cm-1. 
Moreover, the peaks at 1106 and 388 cm-1 are related to the ring-CH3 
stretching and bending modes, respectively. 
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All the physisorbed molecules on the surface are driven away after 
annealing the sample to 300 K, and only the chemisorbed molecules are 
retained. The HREELS spectrum of chemisorbed methyl oxirane (Figure 3.2b) 
is significantly different. The detailed assignments for both physisorbed and 
chemisorbed methyl oxirane on the surface, together with the IR data of liquid 
methyl oxirane are tabulated in Table 3.1. Compared to the vibrational 
frequencies of physisorbed molecules, one notable spectroscopic change upon 
chemisorption is the preservation of the ring deformation at 900 and 830 cm-1, 
which suggests that some epoxy rings remain unperturbed. The appearance of 
stretching mode at 599 cm-1 for the newly formed Si-O bond clearly 
demonstrates the involvement of O atoms in chemical binding to the surface.37 
In addition, the presence of two new peaks at 2889 and 496 cm-1, which are 
attributed to (Si) C(sp3)-H38 and Si-C39 stretching modes, respectively, 
suggests the interaction between C atoms and Si dangling bonds.  
Methyl oxirane is an epoxide with a highly reactive epoxy ring, which 
may result in five competitive reaction pathways on the Si(111)-(7×7) surface, 
as shown in Figure 3.3. Mode I is a dative-bonded adduct due to the 
interaction between the lone-pair electrons of the O atom and the Si adatom 
dangling bond. Our HREELS results readily indicate its existence with the 
retention of vibrational frequencies of ring deformation and the appearance of 
vibrational feature for Si-O stretching mode. Besides the dative bond 
contribution, the peak of Si-O stretching mode may also be assigned to its 
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covalent attachment. The covalent binding of O atoms combining the 
occurrence of both (Si) C(sp3)-H and Si-C stretching modes suggest the 
ring-opening reaction pathway I where the dative-bonded precursors react 
with the Si rest atoms by breaking the C1/C2-O bond leading to the products of 
mode II and mode III. In addition, the (Si) C(sp3)-H and Si-C vibrational 
peaks may also be interpreted with an alternative ring-opening reaction II in 
which the C1-C2 bond breaks with C1 connecting to either the Si adatom (mode 
IV) or the Si rest atom (mode V).23 Thus, the HREELS results clearly show 
that methyl oxirane molecules undergo chemisorptions on the surface through 
both O→Si dative-bonded addition and ring-opening reaction via breaking 
C-C or one C-O bond. However, the vibrational studies cannot offer direct 
evidence on which bond in the epoxy group is broken, which needs theoretical 
calculations to further explicate the mechanism of the reaction pathway.     
3.3.2 Scanning-tunneling microscopy 
Figure 3.4 shows a STM image of clean Si(111)-(7×7) surfaces obtained at 
+1.2 V sample bias and 300 K. The defect density is estimated to be less than 
1.5% based on the statistical counting of 3000 adatoms. At positive sample 
bias voltages, all 12 adatoms appear almost identically bright.  
Figure 3.5 presents five consecutive STM images scanned chronologically 
of the same region at an interval of 2 mins. The marked letters F and U 
represent the faulted and unfaulted halves, respectively. The defects labeled by 
A and B are used to locate the other adatoms before and after chemisorption. 
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Compared to the clean Si(111)-(7×7) surface in Figure 3.5a, one center adatom 
(labeled by a blue circle in Figure 3.5b) becomes invisible upon chemisorption. 
This behavior is also observed in the adsorption of other molecules on 
Si(111)-(7×7), such as C4H4S,40 H2O,41 C2H4,42 C6H6,43 and NH3.44 In these 
systems, the darkening of adatoms is attributed to the elimination of surface 
dangling bonds after formation of new bonds with the adsorbates. Notably, the 
skeleton of adsorbed methyl oxirane is invisible because this molecule is 
linked by σ bonds which are far below the applied bias voltages. Figure 3.5 
also shows that the number of the darkened adatom sites increases as a 
function of methyl oxirane exposure. The different colored circles in Figure 
3.5b-3.5e refer to the darkened adatoms at different time section. All six 
adatoms within a subunit cell can be involved in chemisorption, as shown in 
Figure 3.5e. Apparently this value exceeds the number of adjacent adatom-rest 
atom pairs in the same subunit cell. Generally, for a ring-opening reaction 
where each molecule binds with a neighboring adatom-rest atom pair by 
breaking the epoxy group to occur, the maximum number of darkened 
adatoms within each half unit cell is three as the ring-opening reaction is 
restricted by the number of neighboring adatom-rest atom pairs. Thus, the 
STM images further confirm the existence of dative-bonded states, which only 
bind to adatoms and are not limited by the number of the available rest atoms. 
Unfortunately, the dative-bonded and ring-opening reacted adatoms appear to 
have no obvious difference in the sequential bias-voltage-dependent STM 
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images (not shown), making them undistinguishable. 
A site survey was carried out to analyze the spatial distribution of reacted 
adatoms. Table 3.2 shows the percentages of reacted adatoms at different sites 
for chemisorbed methyl oxirane at various coverages. It should be noted that 
the number of reacted adatoms for each site at different coverage shown in 
Table 3.2 is an average of data obtained by counting three STM scans (50×50 
nm2). At coverage of 0.01 monolayer (ML), about 70% reacted adatoms are in 
the faulted half, as compared to 30% in the unfaulted half. In addition, among 
these reacted adatoms, about 70% occupy the center sites while 30% locate at 
the corner sites. This shows a preference on the faulted halves and also the 
center adatom sites both with a ratio of 2.3 at low coverage. This site 
selectivity may result from a higher electronic density in the faulted half than 
that in the unfaulted half. Meanwhile, a higher reactivity for center adatoms is 
attributed to that each center adatom with two adjacent rest atoms has larger 
probability for the ring-opening reaction than the corner adatom. At a 0.31 ML 
coverage, the ratio of reacted faulted adatoms to reacted unfaulted adatoms 
remains around 2, but the ratio of reacted center adatoms to reacted corner 
adatoms decreases to 1.07. The change in site selectivity at high coverage may 
be due to the center adatom losing the advantage after its one neighboring rest 
atom is reacted with molecule.45 Another possible reason may arise from the 
existence of attractive interaction between the adsorbates and the incoming 
molecules. This can also be evidenced by the marked unit cells with the blue 
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arrows in Figure 3.5e; the methyl oxirane molecules favor to react with 
adatoms within one subunit cell, while keeping adatoms intact in the 
neighboring subunit cell. The adsorbate-adsorbate interaction plays an 
important role in tuning the center/corner ratio for molecules adsorbed on 
Si(111)-7×7 at different coverages, as pointed out by Tanaka et al..45-46  
3.3.3 Density functional theory calculation 
To obtain a better understanding of the reaction mechanism of methyl 
oxirane on Si(111)-(7×7), our DFT calculations focus on not only the 
geometric structures and energies of all the possible binding models, but also 
searching the transition state and calculating the activation energy for each 
reaction pathway. 
Figure 3.6 shows the optimized structures of methyl oxirane/Si16H18 
clusters corresponding to six possible attachment models. Their adsorption 
energies and geometric parameters are presented in Table 3.3. Methyl oxirane 
may nucleophilically attack the electron-deficient Si adatom without a barrier 
to form a dative bond by donating the lone pair electrons of the O atom, as 
shown in mode I-a and mode I-b of Figure 3.6. Their adsorption energies are 
19.77 and 20.08 kcal/mol, respectively, quite close to the result in the 
theoretical study of methyl oxirane on Si(100)-(2×1).24 However, the 
adsorption energy for the dative-bonded states is much higher than that for 
alcohols on Si(111)-(7×7),47 methyl methacrylate on Si(100)-(2×1),48 and ethyl 
vinyl ketone on Si(100)-(2×1).49 Such relatively high binding energy 
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guarantees long residence time of these states, which can survive on the 
surface at room temperature. This agrees well with the fact that the 
dative-bonded species can be experimentally observed. The Si-O bond length 
in mode I-a (1.92 Å) or mode I-b (1.92 Å) is longer than that of a typical Si-O 
covalent bond (1.70 Å).24 When the bond lengths of C1-O and C2-O in mode 
I-a (mode I-b) are elongated to 1.50 Å (1.49 Å) and 1.52 Å (1.54 Å), 
respectively, the C1-C2 bond length is barely influenced. The activated 
C1/C2-O bond can induce a further ring-opening reaction, as depicted in Figure 
3.7. The C1-O (C2-O) bond can be broken via a transition state TS1 (TS2) to 
form the final product of mode II (mode III). The energies of TS1 and TS2 are 
higher by 5.71 and 2.92 kcal/mol compared to their precursors, respectively, 
which means that breaking of C2-O bond is kinetically more favorable than the 
C1-O bond cleavage. Notably, based on the Arrhenius equation: ν = 
ν0𝑒−𝐸𝑎 𝑘𝐵𝑇⁄ , where ν0, Ea, kB and T are the prefactor, energy barrier, 
Boltzmann constant and reaction temperature, the attempting frequency for the 
barrier of 2.92 kcal/mol at 300 K is estimated to be 7.46 ×1010 Hz (ν0 = 10 
THz, a typical phonon frequency in bulk Si50). It means the ring-opening 
reaction via cleaving the C2-O bond can easily occur at room temperature, 
leading to the dative-bonded states existing on the surface only after all the 
adjacent adatom-rest atom pairs are fully reacted with the methyl oxirane 
molecules. In addition, the attempting frequency for desorption of the 
dative-bonded adsorbates at 300 K is 2.6×10-2 Hz, suggesting that they are 
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incapable of leaving the surface at room temperature. The binding energies of 
mode II and mode III are 91.71 and 89.56 kcal/mol, respectively. The 
thermodynamic stability of mode II or mode III is somewhat surprising given 
the significant instability of the surface species with a four-membered ring, as 
evidenced by the binding energy of acetone adsorption on Si(100), which is 
less than 30 kcal/mol.51 The extra binding energy must arise primarily from 
the reduced ring strain. 
The ring-opening reaction through breaking the C1-C2 bond within epoxy 
group to form mode IV (mode V) is also exothermic process, with a binding 
energy of 62.69 (63.72) kcal/mol, thermodynamically less favorable compared 
to mode II and mode III. The reaction pathways to mode IV and mode V 
(Figure 3.8) start from a similar precursor state in which the C1-C2 bond 
approaches an adjacent adatom-rest atom pair to form the carbon-centered free 
radical intermediates (In-a and In-b) with adsorption energies of 0.82 and 3.45 
kcal/mol, respectively. It also indicates that the conversions from the 
intermediates (In-a and In-b) to the surface products (mode IV and mode V) 
require overcoming the energy barriers of 14.91 and 18.29 kcal/mol, 
respectively. Such high energies of the transition states (TS3 and TS4) suggest 
that these two routes are kinetically unfavorable at room temperature. In short, 
our calculations show that methyl oxirane molecules initially adsorb onto 
adatoms by the electrostatic interaction with O atoms to form the 
dative-bonded states. The followed conversion of the dative-bonded states to 
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the ring-opening reaction products via cleavage of C2-O bond is 
thermodynamically and kinetically favorable. After all the adjacent 
adatom-rest atom pairs are fully occupied, the dative-bonded states may be 
present on the surface at room temperature as their sufficient high binding 
energy. This conclusion indicates the coexistence of dative and covalently 
bonded methyl oxirane molecules on Si(111)-(7×7), in accordance with the 
HREELS and STM results.  
3.4 Conclusion 
By a comprehensive study of HREELS, STM and DFT results, we 
conclude that methyl oxirane interacts with Si(111)-(7×7) through both O→Si 
dative bonding and ring-opening reaction with the O and C atoms (connecting 
to the methyl-substituent) binding to the dangling bonds of an adjacent 
adatom-rest atom pair. The present work also demonstrates that the ring strain 
in the Si-O-C-C(CH3)-Si surface species plays an important role in 















Figure 3.1: The periodic slab contains five topmost silicon layers to present 
four Si(111)-(7×7) unit cells surrounding a corner hole. A cluster model 












Figure 3.2: HREELS spectra obtained after an exposure of 1.5 L of methyl 
oxirane on Si(111)-(7×7) at 110 K (a) and annealing the sample to 300 K (b), 















Figure 3.3: Schematic diagrams of five possible reaction pathways for methyl 

















Figure 3.4: STM constant current topography (Vs = +1.2 V) of clean 
















Figure 3.5: STM constant current topographies (Vs = +1.2 V) of the same area 
of methyl oxirane exposed Si(111)-(7×7) at 300 K. All images are taken in 
chronological order with an interval of 2 mins. The marks A and B in parts a-e 
are used to locate the other adatoms upon in-situ dosing. The different colored 
circles in parts b-e define the darkened adatoms at different time section. F and 












Figure 3.6: Optimized geometries (selected bond lengths in Å) and energies 
(reaction energy in kcal/mol, compared to the interaction-free system) of 
products for C3H6O on the Si16H18 cluster model. The optimized geometry of 






Figure 3.7: Optimized geometries (selected bond lengths in Å) and energies 
(reaction energy in kcal/mol, compared to the interaction-free system) of 
reactants, intermediates, transition states and products from the ring-opening 











Figure 3.8: Optimized geometries (selected bond length in Å) and energies 
(reaction energy in kcal/mol, compared to the interaction-free system) of 
reactants, intermediates, transition states and products from the ring-opening 












Table 3.1: Assignments of vibrational frequencies (cm-1) from HREELS 

















methyl oxirane on  
Si(111)-(7×7) 
Chemisorbed 




3065   
CH stretch 3006   
CH3 stretch 2975, 2929, 2846 2950 2938 
C(SP3)H for Si-CH   2889 
CH2 def, ring 1500   
CH3 def 1456, 1406 1456 1457 
CH2 twist 1368 1366 1360 
ring def 1263   
CH2 wag 1166   
CH wag 1142   
CH rock 1132   
ring-CH3 stretch 1102 1106 1111 
CH3 wag 1023 1040 1052 
CH3 rock 950 940 954 
ring def or CH2 
rock 
896 895 900 
ring def 828 822 830 
CH2 rock or ring 
def 
745 758 750 
Si-O   599 
Si-C   496 
ring-CH3 bend 416, 371 388 388 
CH3 torsion 277   
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Table 3.2: Statistical analysis of the percentagesa of different reacted adatom 




Faulted  Unfaulted  Center  Corner  
0.01 70% 30% 70% 30% 
0.06 66% 34% 56% 44% 
0.16 61% 39% 52% 48% 
0.25 63% 37% 53% 47% 
0.31 66% 34% 52% 48% 
a: percentage = (reacted adatoms in particular sites) / (total reacted adatoms) 
b: 1 ML of molecules is attributed to twelve Si adatoms within one unit cell on 






















Table 3.3: Optimized geometric parameters and reaction energies of the local 



















C3H6O  1.47 1.44 1.44     
Mode I-a SiaO(1) 1.46 1.50 1.52   1.92 -19.77 
Mode I-b SiaO(2) 1.47 1.49 1.54   1.92 -20.08 
Mode II (Sia)OC1H2(Sir) 1.55 2.50 1.46 1.97  1.68 -91.71 
Mode III (Sia)OC2H(Sir) 1.55 1.45 2.55  1.97 1.68 -89.56 
Mode IV (Sia)C1H2C2H(Sir) 2.46 1.43 1.45 1.94 1.99  -62.69 
Mode V (Sia)C2H2C1H(Sir) 2.46 1.43 1.44 1.97 1.96  -63.72 
a Sia, adatom; Sir, rest atom 
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Chapter 4  
Preservation of Epoxy Groups on Surfaces in Covalent 
Attachment of Butadiene Monoxide on Si(111)-(7×7): 
Effect of Vinyl Substituent 
 
4.1 Introduction 
Molecular electronics with custom-desired properties at molecular-level is 
emerging as an interesting field as the limited miniaturization of silicon 
integrated circuits.1 An important and essential step in fabricating applicable 
molecular circuitry is to build large molecular chains. One possible approach 
to complete this procedure is self-assembly which could directionally 
construct large molecular patterns or supramolecular arrays.2 The ‘bottom-up’ 
approach requires that the initial reaction layer should have low surface 
roughness and uniform distribution of reactive sites to avoid interface defects. 
Technologically important Si(111)-(7×7) superlattice is a perfect candidate 
template which consists of triangular faulted and unfaulted subunits for the 
self-organized growth of arrayed nanostructures.3 Recently, much more 
attention has been directed towards the covalent binding of organic molecules 
on the Si(111)-(7×7) surface to obtain desired surface modification and 
functionalization as its potential applications in molecular electronics and 
device fabrication.4 The manufacturing technique also demands proper choice 
of organic functional groups which can be used to tune the structure, size and 
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property of adsorbates to achieve the expected molecular nanostructures. 
Crown ether that contains epoxy group is a good building block for molecular 
chains. It can form rings with various sizes and shapes by selectively 
assembling the cyclic ether molecules. Oxirane and methyl oxirane, two 
simplest crown ethers were studied to serve as model to explore surface-epoxy 
group interaction. For example, oxirane adsorbs readily on Si(100) via 
breaking C-C bond to form a Si-C-O-C-Si ring.5 Similar reaction was 
observed for methyl oxirane, which is shown to adsorb through the cleavage 
of C-O bond in the ring, giving rise to a five-membered ring surface species 
on Si(100).6-7 In previous studies, the ring of epoxy group that supposes to be 
kept for further modification to form supramolecular chain breaks due to its 
large ring-strain. Thus it is necessary to employ substitution group to ensure 
the first stage of surface attachment taking place in a controlled and selective 
manner. This work studies another simple crown ether molecule of butadiene 
monoxide that contains two functional groups, epoxy and vinyl group. Our 
experimental data and DFT calculations show that butadiene monoxide 
covalently binds to the surface through a [2+2]-like cycloaddition between 
C=C bond and a neighboring adatom-rest atom pair, maintaining epoxy group 
in the addition product. The vinyl substituent is introduced as a tool to 
successfully direct the chemical attachment behaviors of butadiene monoxide 
molecules on Si(111)-(7×7). 
4.2 Experimental details 
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All experiments were carried out in an ultrahigh vacuum (UHV) chamber 
equipped with an Omicron variable-temperature STM and a HREELS 
spectrometer (ELS-3000, LK Technologies) at a base pressure below ~2×10-10 
Torr. A Si(111) wafer (P-doped, R = 1-2 Ω•cm) was cut to a size of 12 mm × 2 
mm × 0.5 mm for STM experiments. The Si(111) surface was cleaned by 
annealing at 1500 K for 10 mins. The cleanliness and surface reconstruction 
can be checked using STM. For HREELS measurements, the size of the 
sample was 18 mm × 8 mm × 0.5 mm. Two identical silicon samples with a 
Ta-foil sandwiched between them were mounted with two Ta clips, and in turn 
spot-welded to two Ta rods at the bottom of a Dewar-type sample manipulator. 
The surface was cleaned by several sputtering-annealing cycles (1 KeV Ar+ 
bombardment for 20 mins and followed by annealing at 1200 K for 10 mins). 
The sample can also be cooled to 110 K by using liquid nitrogen. Sample 
cleanliness was checked by using HREELS to ensure that there was no oxide 
or carbide on the surface. 
All the STM data were collected at room temperature (~300 K) and in a 
constant-current mode with a tunneling current of 0.1 nA. The bias voltage in 
this study was applied to the sample. HREELS measurements were performed 
in a specular mode with primary electron beam energy of 6.32 eV. The energy 
resolution for silicon surface was ~58 cm-1 referring to the full width at 
half-maximum (FWHM) of the elastic peak. 
Butadiene monoxide (Sigmal-Aldrich, 99%) was evaporated into UHV 
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chamber after purification by means of several freeze-pump-thaw cycles to get 
rid of any dissolved gas. The molecules were introduced into the chamber 
through a variable leak valve with its aperture about 0.5 m away from the 
sample surface at RT while keeping the STM scanning on at the same time. 
But for HREELS, the molecular deposition was performed through a dosing 
tube located at a few centimeters away from the sample surface. After 
pumping out the residual butadiene monoxide molecules, the sample was 
transferred to do HREELS measurements. The exposures was measured in 
Langmuirs (1 Langmuir = 10-6 Torr•s) without sensitive calibration of the ion 
gauge. 
4.3 Results and discussion 
4.3.1 Scanning-tunneling microscopy  
To acquire the detailed information of butadiene monoxide chemisorption 
on Si(111)-(7×7), atomic-scale STM was performed to elucidate the site 
selectivity and electronic distribution of the surface reaction. Figure 4.1 
contains STM constant current topographies of the clean Si(111)-(7×7) surface 
and of the same region after butadiene monoxide exposure at room 
temperature. All the STM images were collected at +1.2 V sample bias. The 
defect labeled A is used to identify the positions of other adatoms before and 
upon chemisorptions. Compared to the clean Si(111)-(7×7) surface (Figure 
4.1a), the chemisorbed molecules preserve the 7×7 reconstruction and produce 
depressions (highlighted with black cycles in Figure 4.1b), similar to Si 
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adatom vacancies. The number of the invisible adatoms scales linearly with 
the molecular exposure. A similar observation was also reported for other 
small organic molecules chemisorbed on Si(111)-(7×7), including 
N-allylurea,8 ethylene,9 benzene,10 ammonia11 and chlorobenzene.12 In all the 
reaction systems, the adsorption features of darkened adatoms are due to the 
saturation of the dangling bonds arising from new adsorbate-surface bond 
formation as well as lack of molecular orbitals close to Fermi level (EF).  
Statistical analysis of STM images for different exposures can provide the 
information regarding the apparent reactivity difference of individual sites. In 
common with many other small organic molecules, the butadiene monoxide 
molecules do not distribute randomly over the available binding sites at low 
coverage but prefer to chemisorb on the center adatoms sites of faulted halves. 
At the exposure of 0.3 L, the STM images containing ~134 unit cells reveal 
that there are ~59 center adatoms and ~44 corner adatoms among the ~103 
total reacted adatoms. In addition, ~68 adatom sites adsorbed by butadiene 
monoxide are situated in the faulted half while ~35 in the unfaulted half. The 
site preference has also been observed for several different regions on the 
same surface. The relative occupancies for the adatoms in faulted half are 
about twice of that in the unfaulted half. Besides the ratio between the 
reactivity of center adatoms and corner adatoms is about 1.3. This preferential 
occupation of reacted sites is attributed to different activation energy barrier 
for chemisorptions from a precursor (physisorbed) state.13-14 Furthermore, it is 
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evident that the maximum number of reacted adatoms for each faulted or 
unfaulted half unit cell is three, equals to the number of adjacent adatom-rest 
atom pairs (Figure 4.2). Thus it is reasonable to deduce that the rest atoms are 
involved in binding butadiene monoxide to the Si(111)-(7×7) surface.  
4.3.2 High-resolution electron energy loss spectroscopy 
Figure 4.3 compares the high-resolution electron energy loss spectra of 
physisorbed butadiene monoxide by exposure of 1.5 L molecules to the clean 
Si(111)-(7×7) surface at 110 K and chemisorbed butadiene monoxide by 
annealing the physisorbed-molecules-covered sample to 300 K. Comparison 
between the two spectra, with reference to the infrared analysis of liquid phase 
butadiene monoxide15-16 is summarized in Table 4.1. Among all these 
physisorbed vibration signatures, the characteristic C=C stretching mode can 
be observed at 1634 cm-1. Two features at 1251 and 819 cm-1 are attributed to 
ring breathing and ring deformation, respectively.  
The vibrational assignments of chemisorbed butadiene monoxide are 
significantly different. Losses at 2982, 2917, 1443, 1410, 1310, 1253, 1143, 
1086, 987, 944, 822, 761, 660 and 513 cm-1 can be readily identified. The 
preservation of ring breathing (1253 cm-1) and ring deformation (822 cm-1) 
rules out the possibility of epoxy ring-opening reaction. The absence of 
observable C=C (1634 cm-1) stretching vibration suggests the direct 
involvement of C=C in the surface binding. Another important evidence of the 
adsorption mechanism is provided by appearance of new peak of (Si)Csp3-H17 
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at 2917 cm-1, which shows that some carbon atoms in the chemisorbed 
molecules rehybridize from sp2 to sp3 after forming covalent bonds on the 
surface. This demonstration is further elucidated by the additional new peak at 
513 cm-1, which is ascribed to the stretching mode of newly formed Si-C18 
bond. 
By combining selectivity and competition of epoxy and vinyl groups in the 
butadiene monoxide molecules, comprehensive reaction pathways of the 
complex chemical attachment occurring on the Si(111)-(7×7) surface are 
sketched in Figure 4.4. The vinyl group exposes the interface reaction to 
[2+2]-like cycloadditions through the C=C bond (Mode I-II), which can be 
supported by disappearance of C=C stretching mode and presence of new 
vibrational peak for Si-C bond. Due to the existence of the competitive epoxy 
group, it may undergo the epoxy ring-opening reaction (Mode IV and V). In 
addition, the [4+2]-like cycloadditions may also occur through conjugated 
epoxy and vinyl groups (Mode VI). Abundant previous studies6, 19-20 showed 
that no matter epoxy ring-opening reaction or [4+2]-like cycloaddition may 
start from a dative-bonded precursor state (Mode III), which is formed by 
donating the lone-pair electrons of oxygen atoms in the epoxy group to the 
electron-deficient Si adatoms. The last four modes (from mode III to mode VI) 
are precluded as the absence of stretching signature of C=C and Si-O bond. In 
fact, after combining all information derived from STM images and 
spectroscopic analysis, it indicates that each butadiene monoxide molecule 
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binds with a neighboring adatom-rest atom pair on Si(111)-(7×7) via the 
[2+2]-like cycloaddition, which involves the C=C bond, together with newly 
formed Si-C linkage. 
4.3.3 Density functional theory calculation  
To obtain a further understanding of the factors controlling the selectivity 
and competition of surface reactions, DFT theoretical calculations were 
carried out to gain the thermodynamics of all the possible surface products as 
well as the kinetics for each of the butadiene monoxide reaction pathway on 
the Si(111)-(7×7) surface. A cluster model Si16H18 (Figure 4.5) was used to 
represent an adjacent adatom-rest atom pair. It was cut from the faulted half of 
the optimized periodic slab of Si(111)-(7×7). This model has been successfully 
used to investigate the dissociative chemisorptions of NH321 and cycloaddition 
reaction of 1,3-butadiene22 on Si(111)-(7×7). All our calculations were 
performed by using the DMol323-25 code in materials studio. The 
exchange-correlation potential was set in the generalized gradient 
approximation (GGA) using the Perdew-Burke-Ernzerhof functional (PBE).26 
The calculated minima of the potential energy surface of butadiene 
monoxide/Si16H18 model system based on the six possible binding modes are 
shown in Figure 4.6.  
The [2+2]-like cycloaddition of butadiene monoxide on Si(111)-(7×7) via 
the C3=C4 bond leads to cycloadducts of mode I-II, which lie below the 
interaction-free reactants with 68.26 and 67.40 kcal/mol, respectively. Upon 
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molecular binding, the C3-C4 bond in mode I is elongated to 1.57 Å (1.57 Å in 
mode Ⅱ), which is characteristic for a C-C single bond.27 More importantly, 
there is neither an intermediate nor a transition state along the reaction 
pathway when searching the potential energy surface. This is in line with 
previously calculated ethylene on Si(111)-(7×7).22 Thus, the chemisorption of 
butadiene monoxide on the neighboring adatom-rest atom pair of the 
Si(111)-(7×7) surface through the [2+2]-like C=C cycloaddition is kinetically 
favorable and facile.  
The adsorption of butadiene monoxide can also be initiated by forming a 
dative bond between the lone-pair electrons of oxygen atom and the 
electron-deficient Si adatom. The dative-bonded adduct (mode III) is 33.70 
kcal/mol lower in energy than the interaction-free reactants. Notably, both two 
C-O bonds in the adsorbed butadiene monoxide are activated upon datively 
binding and make them subject to further reaction with the surface dangling 
bond on the rest atoms. Accordingly, two possible pathways for cleavage of 
either C1-O bond or C2-O bond in Figure 4.7 can be investigated. Concerning 
the former process, intramolecular rotation of the Si-O bond within the 
dative-bonded adduct is required to force the C1 atom approaching the rest 
atom site and reduce the sterical hindrance. This rotation has to climb at least a 
barrier of 8.54 kcal/mol with respect to mode III to give rise to its isomer 
(mode III-a) with the formation energy of 25.16 kcal/mol. From mode III-a, 
one transition state (TS1) has been identified for the ring-opening reaction 
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pathway with an energy higher by 9.13 kcal/mol comparing with the 
dative-bonded adduct mode III-a. Furthermore, the formation energy of mode 
IV is predicted to be 98.28 kcal/mol. In mode IV, the length of O-C1 is as large 
as 2.50 Å, instead of 1.44 Å in the free butadiene monoxide molecule, 
indicating its cleavage. The latter process leads to the other ring-opening 
reaction product of mode V by splitting the O-C2 bond. In order to avoid the 
sterical hindrance from the substitutive vinyl group, the first step is rotating 
the C2-C3 bond from mode III to its another isomer mode III-b, which requires 
an activation energy of 9.93 kcal/mol. After surmounting the transition state 
(TS2), which is uphill by 0.99 kcal/mol, a [2+2]-like cycloaddition product of 
mode V is thus formed, in which the breaking O-C2 bond length is enlarged to 
2.53 Å so that its thermal stability is increased by 97.98 kcal/mol compared to 
the interaction-free reactants. In addition, mode III can also be the starting 
point for the [4+2]-like cycloaddition pathway, as shown in Figure 4.8. From 
mode III to mode VI, one transition state (TS3) and one intermediate were 
found. The conversion from mode III to the intermediate requires to overcome 
an activation barrier of 4.91 kcal/mol at the transition state of TS3. The 
intermediate is lower in energy by 52.25 kcal/mol than the isolated reactants, 
and no barrier is identified for the transformation from intermediate to 
[4+2]-like cycloadduct of mode VI, which has an exothermicity of 111.99 
kcal/mol. Compared to the bond value of 1.48 Å for C2-C3 in free butadiene 
monoxide, the length between C2 and C3 is shortened to 1.35 Å in mode VI, 
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indicating the conversion from single bond to double bond upon 
chemisorptions. The length of C3-C4 bond with the value of 1.49 Å 
demonstrates its single-bond feature. Furthermore, the O-C2 bond is broken 
with a separation of 2.45 Å. It is noted that the thermodynamic stability of 
[4+2]-like cycloadduct is significantly higher than that of the ring-opening 
reaction products via breaking O-C1/C2 bond. Moreover [4+2]-like 
cycloaddition pathway requires lower activation energy than that for 
intramolecular isomerization from mode III to mode III-a/mode III-b, 
indicating that [4+2]-like cycloaddition is also kinetically more favorable.  
Despite the [4+2]-like cycloadduct (mode VI) is found to have higher 
thermodynamic stability than the [2+2]-like cycloadducts (mode I-II), the 
energy barrier of the overall route for the former is 4.91 kcal/mol higher than 
that of the latter as the [2+2]-like cycloaddition pathway via the C3=C4 bond is 
barrierless. Thus we conclude that chemisorption of butadiene monoxide on 
the Si(111)-(7×7) surface prefers to react through the [2+2]-like cycloaddition 
between the C3=C4 bond and the adjacent adatom-rest atom pair. 
4.4 Conclusion 
Butadiene monoxide is found to undergo [2+2]-like cycloaddition through 
vinyl group on Si(111)-(7×7) at room temperature, producing a modified Si 
surface with cyclic epoxy group which may act as an intermediate for 
fabrication of supramolecular structures or multilayer organic thin films. The 
vinyl substitution group has large influence in determining the reaction 
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pathway for molecules with multifunctional groups, further leading to the 














Figure 4.1: Constant current STM images (Vs = +1.2 V) of (a) clean and (b) 
butadiene monoxide chemisorbed Si(111)-(7×7) at 300 K. The unit cells are 
outlined with black lines. The mark A in part a and b are used to locate the 

















Figure 4.2: Constant current STM images (Vs = +1.2 V) of saturated 
chemisorbed butadiene monoxide on Si(111)-(7×7) at 300 K. The unit cells are 




























Figure 4.3: HREELS spectra of butadiene monoxide/Si(111)-(7×7): (a) 
physisorbed 1.5 L of butadiene monoxide on Si(111)-(7×7) at 110 K (b) a 
saturated chemisorption monolayer by annealing the physisorbed–molecules 



















Figure 4.4: Schematic presentations of possible binding configurations of 
butadiene monoxide on Si(111)-(7×7) through [2+2]-like cycloaddition, dative 











Figure 4.5: The periodic slab of Si(111)-(7×7) surface contains top five silicon 













Figure 4.6: Optimized structures (selected bond lengths in Å) and energies 
(reaction energy in kcal/mol, compared to the interaction-free reactants) of 
binding configurations for C4H6O reacting with the Si16H18 model system. The 








Figure 4.7: Potential energy diagram for the ring-opening reaction of 
butadiene monoxide reacting with the Si16H18 model system via cleavage of 
C-O in the epoxy group (selected bond lengths in Å, reaction energy in 













Figure 4.8: Potential energy diagram for the [4+2]-like cycloaddition of 
butadiene monoxide reacting with the Si16H18 model system (selected bond 














Table 4.1: HREELS vibrational assignments for physisorbed and chemisorbed 









IR of liquid 















CH2 asym str 
(ring)  
3051  
CH str (ring) 3031   
CH2 sym str 
(vinyl) 
3015   
CH2 sym str (ring) 3002 
CH str (vinyl) 2972 2975 2982 
-(Si)Csp3H2 sym 
str  
  2917 
C=C str 1651 1634  
CH2 def (vinyl) 1465 1468 1443 
CH2 def (ring) 1443 1418 1410 
CH bend (ring) 1347 1318 1310 
CH bend (vinyl) 1285   
ring breathing 1246 1251 1253 
CH2 rock (vinyl) 1195   
CH2 wag (ring) 1128 1135 1143 
CH2 bend (ring) 1085 1077 1086 
CH2 twist (vinyl) 984 977 987 
CH2 wag (vinyl) 967 
C-C str 931 935 944 
ring def 921, 822 819 822 
CH2 rock (ring) 778 769 761 
C-H bend (vinyl) 673 678 660 
Si-C   513 
ring –C=C bend 458, 330   
C-C=C bend 295   
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Chapter 5  
Temperature-dependent Site Selectivity for 
1-propanethiol Binding on Si(111)-(7×7): A 




The fabrication of ordered atomic/molecular nanostructures on surfaces 
has been extensively studied for both fundamental and technical importance.1-2 
Fundamentally, new physical and chemical phenomena have been revealed on 
these nanostructures, such as on nanocorrals3-4 and atomic chains.5 In practical 
terms, the ordered assembly of these nanostructures is of long term vision for 
lithography6 with atomic resolution, which is an essential step towards the 
fabrication of molecular devices, bimolecular recognition chips and 
information storages.7-8 Both fields require the nanostructural entities to be 
fabricated with high quality and ordering. This needs to optimize the 
fabrication processes by interplaying between the adsorbate-adsorbate 
interaction and adsorbate-substrate effect.9 Self-assembly of molecules via 
molecular interactions (hydrogen bond, covalent bond or ligand bond) on 
metals is able to provide perfect molecular pattern at a large scale, but its poor 
thermal stability hinders potential applications. In contrast, substrate-directed 
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assembly of molecules on semiconductors via the molecule-substrate chemical 
adsorption is of sufficient thermal stability and mechanical robustness.9-10 
Thus, the semiconductors, particularly Si, are preferred over the metal 
substrates in the facile incorporation of organic functionalities into the modern 
integrated circuits.  
However, the ordering of substrate-directed assembly on semiconductors 
can be a serious issue, because the surfaces have unevenly distributed and 
highly reactive dangling bonds. For example, one of the well studied 
surfaces−Si(111)-(7×7) has complicated surface reconstruction as described by 
the dimer-adatom-stacking (DAS) fault model (Figure 5.2a).11 One unit cell of 
Si(111)-(7×7) has two triangular subunits (faulted and unfaulted) and contains 
nineteen dangling bonds associated with twelve adatoms, six rest atoms, and 
one corner hole. The electron density in the faulted half is higher than that in 
the unfaulted half, and the corner adatoms in each subunit cell have a greater 
electron density than the center adatoms. Generally, an adjacent adatom-rest 
atom pair on Si(111)-(7×7) serves as a reactive biradical to (1) readily react 
with unsaturated organic functionalities through addition reaction, or (2) 
accept lone pair of electrons to form dative bonds, or (3) cleave single bond to 
dissociate a saturated molecule.12 In addition to multiple bonding mechanisms, 
the adsorption and reactions of various organic molecules on Si(111)-(7×7) 
also show site selectivity towards different adatom-rest atom pairs due to their 
uneven distribution of electron densities. Generally, the twelve adatoms can be 
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divided into four groups: unfaulted center (UCe) adatoms, unfaulted corner 
(UCo) adatoms, faulted center (FCe) adatoms and faulted corner (FCo) 
adatoms. Many molecules with lone electron pairs show site selective 
adsorption behaviors, such as alcohols, thiols and amines.13-21 By using this 
site selectivity, Polanyi’s group fabricated ordered arrays of nanopatterns and 
molecular switches on Si(111)-(7×7).22-24 Our group previously prepared 
ordered nanocorrals by reacting pyrrole preferentially on the center 
adatoms-rest atoms pairs.25 However, the formation of ordered molecular 
nanopatterns on Si(111)-(7×7) is far from mature as its complicated 
mechanism. The mechanism attributed to the preference of center adatoms in 
reaction over corner adatoms has been intensively studied and proposed, such 
as the discrepancy in adsorption energies, reaction barriers, substrate stresses 
or conformation hindrances. None of them is conclusive due to a lack of 
comprehensive understanding. 
In this work, we explored the dissociative adsorption of 1-propanethiol 
molecules on Si(111)-(7×7) and investigated its site selectivity using HREELS, 
STM and DFT calculations. We show that the site selectivity of C3H7S-H 
dissociation on Si(111)-(7×7) can be tuned by varying the substrate 
temperature. At 300 K, the C3H7S- species have sufficient mobility to 
accumulate on faulted halves, leading to the faulted-half preferred dissociation; 
whereas at 130 K, the surface diffusion is limited and the preferability of 
center adatoms over corner adatoms for physisorbed precursors is dominating. 
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In this way, the ordered nanocorrals of 1-propanethiol on Si(111)-(7×7) are 
formed. Our periodic DFT calculations clearly show that the site selectivity 
leading to the formation of surface ordered nanocorrals originates from the 
site-preferential accommodation of the physisorbed precursors rather than the 
reaction barrier or the adsorption energy. 
5.2 Experimental and computational details 
The experiments were carried out in an ultrahigh vacuum (UHV) chamber 
with a base pressure of 1×10-10 Torr. The chamber was equipped with an 
Omicron variable-temperature STM and a HREELS (EELS-3000, LK 
Technologies). The sample was cut from a p-doped mirror-polished Si(111) 
wafer with a resistivity of 1-2 Ω•cm and a size of 12 mm × 2 mm × 0.5 mm. 
The clean Si(111)-(7×7) surfaces were obtained by flashing the sample to 
1200 K for several times. 1-propanethiol (99%, Sigmal-Aldrich) was purified 
by several freeze-pump-thaw cycles before being dosed into the chamber. In 
STM experiments, the sample was scanned at 130 K or 300 K during dosing. 
The dosing tube aperture is about 0.5 m away from the scanning sample and 
does not aim at the sample face. The coverage was directly monitored by STM. 
For HREELS experiments, the dosing tube aims at the surface with a distance 
of 5 cm. The dosing amount was measured by the pressure and time in the unit 
of Langmuirs (1 Langmuir = 1×10-6 Torr•s). The vibrational spectra were 
collected in a specular mode with an electron beam of 5.0 eV impinging into 
the sample surface at an incident angel of 60o with respect to the surface 
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normal. An energy resolution of ~58 cm-1 in the full width at half-maximum 
(FWHM) of the elastic peak was routinely achieved during the measurements. 
The periodic DFT calculations were performed using the Vienna ab-initio 
simulation package (VASP).26-27 A 7×7 slab model of four layers of Si was 
used to simulate the Si(111)-(7×7) surface. The coordinates of all Si atoms 
were obtained from LEED experiments,28 and the bottom layer of Si is 
saturated by H. The generalized gradient approximation (GGA) with 
Perdew-Burke-Ernzerhof (PBE) parameterizations was employed to estimate 
the exchange-correlation effect.29 The projector augmented wave (PAW) 
pseudopotentials method with a kinetic energy cut-off 300 eV was used. Only 
Γ point was considered during Brillouin Zone sampling. A Gaussian smearing 
0.01 eV was used to accelerate the self-consistent field (SCF) convergence. 
The force criterion in the geometric optimizations was 0.02 eV Å-1.30 We 
estimated the reaction barriers using climbing image-nudged elastic band 
(CI-NEB) method with a force criterion of 0.05 eV Å-1.  
5.3 Results  
5.3.1 High-resolution electron energy loss spectroscopy 
The HREELS spectra of physisorbed and chemisorbed 1-propanethiol on 
Si(111)-(7×7) were obtained by exposing the sample to 8.0 L of molecules at 
liquid nitrogen temperature and annealing the multilayer physisorbed 
molecules-covered sample to 300 K, respectively, as shown in Figure 5.1. 
Several peaks are resolved, whose assignments are presented in Table 5.1 after 
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comparing the spectra with the IR spectrum of liquid 1-propanethiol.31-32 
Visually, in the chemisorbed state, there are two distinct features compared to 
the physisorbed curve. The peak at 2076 cm-1 can be assigned to the Si-H 
stretching mode, which clearly indicates the saturation of Si dangling bonds 
and cleavage of S-H bonds. The other strong intensity at 537 cm-1 is related to 
Si-S stretching mode, which again suggests that the 1-propanethiol molecules 
dissociatively adsorb on Si(111)-(7×7) via breaking S-H bonds, and attach to 
Si dangling bonds with C3H7S- and H- species. This mechanism is in 
consistence with the reaction pathways for most of RX-H (X=O, N, S) 
molecules on Si(111)-(7×7).19, 33-34 The assignments of other peaks also 
confirm our deduction, despite of the missing vibrational feature of S-H 
stretching mode in the physisorption state. The S-H stretching mode, 
according to the IR spectrum, should appear in the range of 2300-2700 cm-1. 
However, we did not detect any obvious feature in this range, possibly due to 
its weak response in the specular mode orientation. 
5.3.2 Scanning-tunneling microscopy 
Figure 5.2b and 5.2c show the STM images of Si(111)-(7×7) at negative 
and positive biases, respectively. Under negative biases, the faulted halves are 
found to be brighter than the unfaulted halves, and the corner adatoms also 
have higher electron densities than the center ones. The discrepancies clearly 
reflect the charge distribution of the twelve adatoms, allowing us to 
distinguish them during the adsorption experiments. In contrast, at the positive 
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sample biases, where electrons are tunneling into unoccupied states of the 
sample from the tip, all twelve adatoms look nearly identical.  
Figure 5.3 shows STM images of Si(111)-(7×7) after exposed the surface 
to 1-propanethiol at different coverages and temperatures. The clean 
Si(111)-(7×7) surfaces show twelve adatoms at both negative and positive 
biases due to their large density of states near the Fermi level. 1-propanethiol 
adsorption causes the darkening of adatoms, suggesting the chemical binding 
of 1-propanethiol and saturation of adatoms dangling bonds. Based on the 
dissociation reactions of H2S, CH3OH as well as other RX-H molecules on 
Si(111)-(7×7), 1-propanethiol likely dissociates on the surface via cleaving its 
S-H bond, with the C3H7S- and H- species covalently bonded to an adjacent 
adatom-rest atom pair. Compared to aromatic molecules which appear as 
bright protrusions above the adatoms, the adsorbates of 1-propanethiol on the 
surface are dim in the empty-state STM images (+1.5 V). This is due to that 
1-propanethiol is linked by σ bonds. The related anti-σ bonds are far away 
from the Fermi level and almost of no contribution to the acceptance of 
tunneling electrons from the tip. 
At 300 K and at low coverage of 0.03 ML, 1-propanethiol is able to react 
with both the center and corner adatoms as shown in Figure 5.3a. Each half 
unit cell can accommodate one, two or three molecules. This is in agreement 
with the S-H cleavage mechanism, because each half unit cell has only three 
adatom-rest atom pairs, which determine the maximum number of molecules 
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to be reacted. At higher coverages, however, the number of reacted adatoms 
per half unit cell can be as high as six. This violates the traditional proposed 
dissociation mechanism since three adjacent adatom-rest atom pairs can only 
accommodate three 1-propanethiol molecules at most. One explanation is that 
some of 1-propanethiol molecules only adsorb in a non-dissociative state, in 
which molecules bind to adatoms with S atoms and do not need rest atoms to 
accept H atoms. Another possibility is that all 1-propanethiol molecules 
dissociate, but the C3H7S-species are able to diffuse on the surface and 
accumulate into one particular half unit cell. Indeed, the triangle arrays in 
Figure 5.3b clearly show the preference of 1-propanethiol on the faulted 
halves alternatively isolated by unfaulted halves. On the other hand, there is no 
visual discrepancy of site selectivity between the center and corner adatoms. 
A statistical survey on reacted adatoms in the STM images offers more 
accurate information on site selectivity, as shown in Table 5.2. First of all, at 
both 130 K and 300 K, the total coverage even after over exposure to 
1-propanethiol remains 50% (±0.5%). This can only occur on the conditions 
that: (1) all undissociated molecules desorb from the surface and only the 
dissociated ones are imaged by STM; (2) all the rest atoms are occupied by the 
dissociated H- species and unavailable for further dissociative adsorption. The 
F/U drops from 3.20 to 1.65 but still larger than one when the coverage rises at 
room temperature. In the run C, the coverage of faulted halves is larger than 
50%, which means the average occupied adatoms number is larger than three 
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within each half unit cell (also in Figure 5.3b). The accumulation should be 
attributed to the diffusion of C3H7S- species from other halves (the unfaulted 
halves). In addition, the ratio of reacted adatoms on center adatoms versus that 
on corner adatoms is about one at both low and high coverages at 300 K. This 
indicates that there is almost no center/corner selectivity at room temperature. 
At 130 K, the ratio of F/U decreases from around 1.6 (the lowest) at 300 
K to 1.1, therefore the preferential occupation of faulted halves over unfaulted 
halves is no longer dominating. As marked by the triangle arrays in Figure 
5.3c, the center adatoms own the priority to be reacted at moderate coverage 
(0.37 ML). The coverage can be as high as 0.5 ML (Figure 5.3d), with most 
center adatoms being darkened, the remaining corner adatoms form a 
hexagonal circle surrounding the corner hole. The inset shows a perfect circle 
surrounded by a large darken corral. These well isolated and ordered circles 
remain reactive, may serve as a template for further modification. The 
center/corner preference conserves with an initial ratio of 4.2 at a coverage of 
7.3% and a final value of 3.4 at a coverage of half monolayer (49.5%) in Table 
5.2. It is this high center/corner ratio contributing to the formation of 
nanocorrals patterning in Figure 5. 3d. 
5.3.3 DFT calculations 
To reveal the reaction mechanism of site selectivity, we conducted 
periodic DFT calculations to search site-specific intermediates, products and 
transition states between them. As shown in Figure 5.4, 1-propanethiol firstly 
149 
 
adsorbs on Si(111)-(7×7) in a physisorbed precursor state, which gains about 
0.2 eV compared to the interaction free system. Since 1-propanethiol is a polar 
molecule as indicated by its electrostatic potential surface and the 
Si(111)-(7×7) adatom-rest atom pairs carry opposite charges, the energy gain 
is mainly from dipole-dipole interaction and dispersion force between 
molecules and substrate. This physisorbed precursor is generally mobile on the 
surface before chemical binding. In our system, the chemisorptions start with a 
dative-bonded state, where the S atoms of 1-propanethiol offer electron pairs 
to the electron deficient adatoms, stabilizing the system by around 1 eV. The 
reaction pathway from physisorption to the dative-bonded state is found to be 
barrierless indicated by the failure of searching any transition state in our 
calculation. There are slight adsorption energy discrepancies between 
dative-bonded states on different sites with UCe ≈ FCe > UCo ≈ FCo. This 
means that the stability of dative-bonded states is more sensitive towards 
center/corner than faulted/unfaulted. 
The next step of dative-bonded states is the cleavage of S-H bonds. Our 
transition state search shows that it should be quite facile at room temperature 
if the reaction rates are roughly estimated from the barriers on different sites, 
which are very low (≤ 0.12 eV).35 Although all barriers are very small, the site 
selectivity may still be influenced by the barrier sequence: UCe > UCo > FCe > 
FCo, which would be discussed later. After dissociation, the systems have 
been greatly stabilized with adsorption energies around 2.7 eV, and the energy 
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discrepancy between four types of sites can be ignored. This big adsorption 
energy guarantees sufficient stability of the attached C3H7S- species, which 
should be difficult to desorb from surfaces. However, the diffusion of C3H7S- 
species, evidenced by the STM statistics, may occur at room temperature. 
Further diffusion barrier calculation is helpful and currently underway. 
5.4 Discussion 
5.4.1 Reaction mechanism and intrinsic site selectivity 
Based on HREELS, STM and DFT calculations, 1-propanethiol is found 
to dissociate on Si(111)-(7×7) via the cleavage of its S-H bond. The C3H7S- 
fragments bind to adatoms, whereas the H- radicals saturate the rest atoms. 
The adsorption of C3H7S- species shows temperature-dependent site 
selectivity: at 300 K, F > U and Co > Ce; at 130 K, Ce > Co. Before the 
dissociation, the physisorbed precursor and dative bonded state exist on the 
surface and result in the variable site selectivity at different temperature. 
At 300 K, the STM statistics have already proved that C3H7S- species are 
able to diffuse on the surface and prefer to reside on faulted halves. The site 
selectivity is only influenced by the mobility of the dissociated products, 
rather than any precursor/intermediate state. The preferability of faulted halves 
for mobile species at high coverage has been demonstrated by Polanyi et al.22 
Although the binding energy is as high as 2.7 eV, which prevents the 
desorption of C3H7S- species, the diffusion can be feasible with the help of 
surface states. Our calculations currently only consider the adsorption of one 
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molecule per unit cell, while in our experiments the coverage on the surface 
reaches as high as 50%. It is plausible that the adsorption of the first molecule 
may shift the substrate Fermi level, further alter the region affinity to the 
second incoming molecule. At heavily dosing condition, the charge 
distribution discrepancy between the faulted and unfaulted halves will become 
dominating over that between the center and corner adatoms. Therefore the 
faulted halves become the major region for molecular donor adsorption.22 
At 130 K, the diffusion of precursors and dissociated species are retarded. 
The dissociative process can be described as Localized Atomic Reaction 
(LAR).10, 36 The requirement of LAR is that the dissociated atoms/fragments 
formed from the precursor state chemically bind to the surface and laterally 
displace their precursor locations. The site selectivity mainly depends on the 
site distribution of the starting physisorbed precursors. When 1-propanethiol 
molecules are physisorbed on surfaces, their large polarity induce them to 
reorientate and locate above the electronically positive adatoms. On 
Si(111)-(7×7), each center adatom is adjacent to two rest atoms, whereas each 
corner adatom only has one nearest rest atom. Thus the center adatoms 
transfer more electrons to the rest atoms and carry more positive charges. This 
can be understood from the calculated local density of states (LDOS) curves of 
center and corner adatoms37 as well as the brighter corner adatoms in the filled 
–state STM image in Figure 5.2b. Therefore, the more positive center adatom 
sites are more attractive to the donor-type molecules, most of which contain Cl, 
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Br, O, S or N with lone-pair electrons.13-21 The preferability of center over the 
corner adatoms is also consistent with the binding strength trend of the 
dative-bonded products in Figure 5.4, because the dative bond strength 
benefits from a more positive acceptor. To the physisorbed precursors, center 
adatoms and corner adatoms act as energy local minimum to trap them, 
forming a thermodynamic equilibrium. Indeed, the existence of physisorbed 
state before dissociation was identified by STM.38 The ratio of center/corner 







where 𝑁 , 𝐸𝑏 , 𝑘𝑏  and 𝑇  are the population of reacted center or corner 
adatoms, binding energy, Boltzmann constant and temperature, respectively. 
To prepare perfect nanocorrals, one needs to increase the Ce/Co dissociation 
selectivity, which accordingly requires an increase of Ce/Co ratio in the 
precursor population. Based on the above equation, the substrate temperature 
should be as low as possible.23 
In previous studies, other factors such as conformational differences, 
dissociation reaction barriers, and molecular interaction discrepancies were 
employed to explain the center/corner selectivity. However, these can be 
convincingly ruled out based on our calculations. Each center adatom has two 
rest atom neighbors, thus it should react intrinsically faster than the corner 
adatom by two times, given the identical reaction barrier. It was also assumed 
that the center adatom sites dissociation are of lower reaction barriers than that 
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on the corner adatom sites. This is obviously not the case as listed in Figure 
5.4, where the barriers of the corner adatom sites on both faulted and unfaulted 
halves are smaller than those on the center adatom sites, respectively. In 
addition, since the STM images show the final dissociative products, the 
reaction time depending on the barrier of each site becomes nontrivial once the 
precursors irreversibly convert the dative states. Molecular mutual repulsive 
interaction, playing a role for large molecules39 on Si(111)-(7×7), is not a 
factor for the small size molecule 1-propanethiol, as evidenced from DFT 
calculations and full coverage of a half unit cell at room temperature. 
5.5 Conclusion 
In this paper, the site-selective adsorption of 1-propanethiol on 
Si(111)-(7×7) was investigated by STM and DFT calculations. 1-propanethiol 
firstly binds to the surface in a physisorbed precursor state, gradually converts 
to a dative-bonded state, followed by S-H cleavage and formation of C3H7S-Si 
and H-Si products. At 300 K, the dissociated C3H7S- species are mobile on 
surfaces. They diffuse and accumulate on the faulted halves to minimize the 
system energy. Whereas, at 130 K, the diffusion of dissociative species is 
limited. The physisorbed precursors prefer to reside on center adatoms, 
leading to the dissociation preferentially on the center adatom-rest atom pairs. 
This high site preference results in the formation of a nanocorral composed a 
circle of twelve reacted center adatoms and six intact corner adatoms 
surrounding a corner hole. It is proposed that this mechanism based on 
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temperature-dependent site selectivity may be applied to other molecular 





















Figure 5.1: HREELS spectra obtained after Si(111)-(7×7) was exposed to 8.0 
L of 1-propanethiol at liquid nitrogen temperature (a) and after annealing the 
multilayer physisorbed 1-propanethiol-covered sample to 300 K (b), Ep = 5.0 
















Figure 5.2: (a) Dimer-adatom-stacking fault (DAS) model of the Si(111)-(7×7) 
unit cell proposed by Takayangagi et al. (ref 11), including 12 adatoms, six 
rest atoms, nine dimers, one corner hole atom and a stacking-fault layer. 
Corner and center adatoms and electron-rich rest atoms are shown in different 
colors; (b) STM images of the clean Si(111)-(7×7) surface at -1.6 V with 
electrons tunneling out from the filled surface states; and (c) at +1.6 V with 










Figure 5.3: Empty-state STM images (Vs = +1.5 V, It = 0.1 nA) obtained after 
1-propanethiol exposure at different temperatures and coverages. (a) 300 K, 
0.03 ML (1Monolayer (ML) = 12 sites/unit cell), (b) 300 K, 0.47 ML, (c) 130 
K, 0.37 ML, (d) 130 K, 0.50 ML. Some reacted (7×7) half unit cells are 
outlined by triangles. The letter “Ce” refers to center adatom, and “Co” refers 
















Figure 5.4: Periodic DFT calculations for the dissociative adsorption of 
1-propanethiol on Si(111)-(7×7). Five states are involved in the dissociation 
reactions. The electrostatic potential distribution of 1-propanethiol is rendered 
on the molecular surface (electronic density 1×10-4 e/Å3). Blue refers to 
negative and red means positive. The cluster models are cut from a slab in our 
own results. Gold: Si; White: H; Brown: S; Gray: C. The energies of all the 
systems except for the transition states are in the unit of eV and relative to the 













Table 5.1: Vibrational frequencies (cm-1) and their assignments for 




IR of liquid  
1-propanethiol31-32 
Physisorption Chemisorption 
CH3 & CH2 stretch   2961, 2930, 2872 2951 2938 
SH stretch 2732, 2662, 2559, 2359, 
2334 
  
Si-H stretch   2076 
CH3 asym def 1456 1460 1455 
CH2 scissor 1438  1420 
CH3 sym def 1376   
CH2 wag 1338, 1297 1339 1330 
CH2 twist 1246, 1216 1242 1243 
CC stretch 1106   
CH3 rok 1085 1077 1073 
CC stretch 1055, 1032   
CH3 924   
CH2 894, 878 893 895 
CSH def 814, 792   
Si-H bend   800 
CH2 rock 731 727 728 
CS stretch 704, 650   
CCC def 416   








Table 5.2: Binding sites statistic of 1-propanethiol chemisorbed on Si(111) 
-(7×7). (Ce, Co) represents the distribution of reacted adatoms within each 
half unit cell obtained from STM images, where Ce refers to the reacted center 
adatom and Co is for corner adatom. F and U are faulted and unfaulted halves, 
respectively. 
 
Number of darkened adatoms 
Ce+Co 0 1     2     3 4 5 6 Total 
Ce, Co 0,0 1,0 0,1 2,0 1,1 0,2 3,0 2,1 1,2 0,3 3,1 2,2 1,3 3,2 2,3 3,3 Ce/Co 
F 89 9 14 0 10 0 0 1 0 0 0 0 0 0 0 0 21/25 
U 101 6 7 0 2 0 0 0 0 0 0 0 0 0 0 0 8/9 
A: 300 K, coverage (F) = 6.4%, coverage (U) = 2.4%, total coverage = 4.4%, F/U = 2.7, center/corner =0.86 
F 61 9 26 4 21 1 0 2 2 0 0 0 0 0 0 0 44/55 
U 86 10 13 1 3 0 0 0 0 0 0 0 0 0 0 0 15/16 
B: 300 K, coverage (F)=13.3%, coverage (U)=4.6%, total coverage=9.2%, F/U=3.2, center/corner=0.87 
F 2 3 8 2 11 8 1 13 9 2 2 20 3 14 11 20 229/244 
U 24 14 16 4 20 4 0 20 2 0 4 10 2 8 0 5 157/129 
C: 300 K, coverage(F)=63.6%, coverage(U)=37.0%, total coverage=50.0%, F/U=1.65, center/corner=1.03 
F 99 21 10 8 1 0 7 4 0 0 0 0 0 0 0 0 67/15 
U 107 26 8 4 3 0 2 0 0 0 0 0 0 0 0 0 43/11 
D: 130 K, coverage(F)=9.1%, coverage(U)=5.9%, total coverage=7.3%, F/U=1.5, center/corner=4.2 
F 5 5 0 21 6 0 18 29 4 0 11 7 0 6 1 0 236/57 
U 32 20 14 5 12 0 12 6 0 0 9 7 0 1 0 0 132/57 
E: 130 K, coverage(F)=42.1%, coverage(U)=27.2%, total coverage=34.7%, F/U=1.55, center/corner=3.22 
F 0 0 1 5 0 0 43 76 4 0 6 8 0 6 0 0 347/119 
U 0 13 1 23 5 0 45 33 2 0 10 3 0 8 0 2 333/81 
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Temperature-dependent Formation of A Highly 
Ordered Molecular Monolayer: Diacetyl on Ge(100) 
 
6.1 Introduction 
Intense interest in binding organic molecules on semiconductor surfaces 
has been fueled by the prospect of fabricating a new generation of electronic 
devices that utilize organic molecules as their basic components.1-2 A central 
challenge in this nanotechnology is the development of well-ordered organic 
monolayer on surfaces with desired nanometer precision over an extended 
length scale. “Supramolecular self-assembly” may find a way to rapidly create 
surface assemblies of adsorbates. This ‘bottom-up’ approach guides the 
assembly of molecules via molecular interactions, such as hydrogen 
bonding,3-4 π-π bonding5-6 and metal-ligand bonding.7-8 However, the 
applications of this strategy are hampered by its poor thermal stability. 
Another concept of an ensemble of well-ordered molecular adsorbates uses the 
substrate as a template to create selectively binding sites that accommodate 
individual molecules. The reactions exploited to this substrate-directed 
ordering of organic films on the surfaces are cycloaddition,9 Lewis acid-base 
interaction10 and dative bonding.11 However, previous studies have only 
achieved highly ordered structures in a few cases due to various adsorption 
configurations upon organic molecules adsorbed onto the surfaces. Therefore, 
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the problem remains of how to assemble molecular adsorbates to form a large 
and well-ordered domain which needs to be stable under elevated temperatures 
as its potential applications in molecular devices. 
In this study, we present evidence for creating a highly ordered molecular 
monolayer on a clean semiconductor surface through thermal annealing − that 
of diacetyl on Ge(100). Diacetyl is a prototype diketone with two conjugated 
C=O groups. Interaction of diacetyl with Ge(100) can result in both 
one-dimer-wide products, including enolate via single α-H cleavage, 
[2+2]-like and [4+2]-like cycloadducts, and two-dimer-wide products that 
include [4+2]-like cycloadducts, end-bridging/cross-bridging/dimer-bridging 
enolate via double α-H cleavage, as well as tetra-σ binding surface species, as 
shown in Figure 6.1. On the basis of STM and DFT results, we found that 
diacetyl adsorbs on Ge(100) at room temperature to form [4+2]-like 
cycloadducts across the two C=O bonds on top of a single dimer, coupling 
with the tetra-σ binding products in which diacetyl forms both Ge-O and Ge-C 
linkages on two adjacent dimers in the same dimer row via C=O bond and 
Cα-H dissociative adsorption with loss of a hydrogen molecule. After 
increasing the surface temperature, all the [4+2]-like cycloadducts surface 
species convert to tetra-σ binding products, which further form a highly 
ordered (2×2) molecular monolayers. 
6.2 Experimental and computational details 
The STM measurements were performed on an Omicron VT-STM in an 
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ultrahigh vacuum (UHV) chamber with a base pressure less than 2×10-10 Torr. 
All STM data were collected in a constant-current mode with a tunneling 
current of It = 0.2 nA. Sample bias voltages of Vs = -1.0 to -2.5 V and +1.0 to 
+2.5 V were applied to collect the surface images. A P-doped Ge(100) wafer 
with a resistivity of 0.4−1.0 Ω•cm was used and cut to a size of 12 mm × 12 
mm × 0.5 mm. The surface was cleaned by several cycles of 1000 V Ar+ 
sputtering and flashing to 1000 K. The STM measurements were done at room 
temperature using electrochemically etched tungsten tip. Diacetyl 
(Sigma-Aldrich, ≥ 95% purity) was purified via several repeated 
freeze-pump-thaw cycles before being exposed to clean Ge(100) through a 
precision leak valve. The molecules were introduced via in-situ dosing during 
STM scanning. The surface coverage in monolayer (ML) was directly 
monitored by STM.  
The geometry optimization and STM simulation of adsorbates were 
performed using periodic DFT calculations adopted in VASP.12-15 The Ge(100) 
surface was modeled by a periodic slab involving c(4×2) reconstruction with 
six Ge layers, including two Ge atoms in the top layer comprising the surface 
dimer, and the bottom layer of the slab was saturated by hydrogen atoms. For 
the vacuum region we had employed the value of approximate 11 Å. The 
lattice constant of Ge was set at 5.712 Å determined by the relaxation of the 
bulk crystal. The exchange-correlation effect contributions were described by 
the generalized-gradient approximation (GGA) with Perdew-Burke-Ernzerhof 
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(PBE) parameterization.16 The kinetic energy cutoff and force convergence 
criteria were set to 300 eV and 0.03 eV/Å, respectively. A mesh of 2×4×1 
Gamma-center k-point was used for the total energy calculation. The 
constant-current STM images were simulated by applying the Tersoff-Hamann 
approximation.17  
6.3 Results and discussion 
6.3.1 Scanning-tunneling microscopy 
Figure 6.2a shows a filled-state STM image of clean Ge(100). The clean 
surface contains asymmetrical zig-zag chains and symmetric stripes which 
refer to the c(4×2) and 2×1 domains, respectively. Figure 6.2b shows a 
filled-state STM image taken during the initial adsorption of ~0.1 ML (ML, 
relative to dimer atom density) of diacetyl at room temperature. Two types of 
bright protrusions (labeled A and B) with distinct locations, attributed to the 
adsorbed diacetyl molecules, were found to emerge on Ge(100). The existence 
of different features suggests that the diacetyl molecules chemically bind to 
Ge dimers with different configurations. After comparing with the unit cell 
grid, feature A (Figure 6.2c) has its center on top of a single dimer, whereas 
feature B (Figure 6.2d) appears between two adjacent Ge-Ge dimers in the 
same dimer row.  
In order to verify the adsorption geometry, sequential 
bias-voltage-dependent STM images are shown in Figure 6.3. One bright 
protrusion corresponding to feature A appears as a double-lobe shape when the 
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bias is decreased from –1.4 V to –2.2 V. Similar double-lobe bright protrusion 
was reported for cis-2-butene physisorbed on Pd(110),18-19 and 2-butyne on 
Si(100),20 in which one bright spot is corresponding to methyl moiety. Thus, 
feature A may be assigned to diacetyl binding to one surface Ge dimer through 
[4+2]-like C=O cycloaddition. In contrast, the shape of feature B remains 
same but its brightness gradually becomes dim. Clearly, feature B does not 
appear any double-lobe characteristic spot, suggesting that the methyl moieties 
in this feature are involved in the chemical attachment. It was reported that 
acetone on Ge(100) produces enolate, end-bridging and dimer-bridging 
dissociative configurations for the cross-dimer adducts.21 Thus, it is interesting 
to find out whether diacetyl has similar bonding mechanism or other new 
reaction pathways from the additional carbonyl group.  
 Figure 6.4 shows the STM images obtained after Ge surface covered with 
a small amount of diacetyl at room temperature at sample bias voltages of -2.0 
V (a) and +2.0 V (b), with the same tunneling current for the same surface 
region. A double-lobe-shaped feature A in the filled-state STM image 
corresponds to the dark feature A’ in the empty-state STM image. The 
observed STM image for feature A’ is due to that the methyl moiety is linked 
by σ bonds in which the empty states are far beyond the applied bias voltage. 
In addition, the bent configuration of the methyl moieties makes the tip retract 
farther away from the molecules for keeping the constant current, leading to 
less electron tunneling probability from the tip to the alkene group. Meanwhile, 
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feature B appears as an oval shape (feature B’) in the empty-state STM image 
of Figure 6.4b. It was reported that cis-2-butene-1,4-diol on Si(100) produces 
the analogous protrusion which is attributed to the C=C antibonding orbital.22 
This suggestion together with the evidence for feature B from the 
bias-voltage-dependent STM images supports the hypothesis that, each 
oval-shape bright protrusion (feature B’) in the empty-state STM images is 
due to a C=C bond formed after the carbonyl and methyl groups in diacetyl 
interacting with Ge surface dimer atoms via the tetra-σ binding configurations. 
An ordered (2×2) molecular monolayer is formed over the whole terrace 
after exposing the surface to 1.4 L of biacetyl at room temperature and 
annealing to ~ 200 oC for 5 mins, as shown in Figure 6.5a. The binding site 
analysis based on comparing both filled-state (Figure 6.5b) and empty-state 
(Figure 6.5c) STM images with the unit cell grid reveals that the ordered 
molecular monolayer is composed of feature B which locates between two 
adjacent Ge-Ge dimers in the same dimer row.  
6.3.2 Density functional theory calculation  
We have performed DFT calculations to explore the structures of two 
diacetyl-derived adsorbate features and to simulate their STM images. In our 
calculations, we have considered 11 different possible adsorption 
configurations of an isolated diacetyl molecule binding on Ge(100) with a 
single or two-adjacent dimer. After geometric optimizations, the calculated 
system energies are listed in Table 6.1. Among the various possible adsorption 
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structures for feature A which locates on top of a single dimer, the [4+2]-like 
cycloadduct from the cycloaddition reaction through the conjugated C=O 
groups and the dangling bonds on Ge dimers, which has a binding energy of 
1.35 eV, is the most stable. On the other hand, the [4+2]-like cycloaddition, 
double α-H cleavage ene-like reaction forming end-bridging, cross-bridging 
and dimer-bridging enolate, as well as the dissociative reaction leading to the 
tetra-σ binding products are proposed to elucidate the reactions to form the 
observed feature B. Among them, the [4+2]-like cycloadduct has the highest 
binding energy. However, the [4+2]-like cycloadduct is not expected to 
explain feature B as the STM results indicate that feature B shows different 
characteristic binding configuration compared to feature A. In addition, only 
the tetra-σ binding structures give the consistent simulated STM images for 
feature B. Based on the experimental results, feature A can covert to feature B, 
resulting in the ordered surface molecular monolayers at high temperature. 
This conversion seems energetically unfavorable as the binding energy of 
feature B is lower than that of feature A even considering the energy gaining 
from release of H2.  
Feature A 
500 K
→   Feature B + H2 
∆𝐻0 = ∆𝑈0 + ∆𝑛𝑅𝑇 = (1.35 − 0.38) + 1 × 8.314 × 500 × 1.0364 × 10−4
= 1.40 𝑒𝑉 
where ∆n, R and T are the molar quantity of gas, ideal gas constant and 
reaction temperature, respectively. 
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However, considering the extra low H2 gas pressure in the vacuum at the 
level of 10-8 Pa, the Gibbs free energy evolution of this reaction becomes 
negative: 








× 10−4 = 1.40 − 19.6 ≪ 0 
where 130.7 J/(mol•K) is the entropy of H2. Here we assume the entropy of 
feature A and feature B are almost the same, and the total entropy of reaction 
is purely induced by the H2 gas. From the above reaction, the negative value of 
free energy for the reaction indicates that the release of gas promotes the 
conversion from feature A to feature B, and the ultra-low external H2 
concentration in vacuum makes the dissociation process irreversible. This 
reaction pathway is consistent with the suggestion from Hamers et al.23 in 
which the irreversible binding of molecules to the surface is characterized by 
initial formation of various meta-stable configurations that may further 
dissociate to form new radicals.  
In Figure 6.6a, diacetyl binds to the top of a single dimer through 
[4+2]-like cycloaddition. The C2−O3/C4−O5 bond is lengthened to 1.39 Å, 
indicating its single-bond character. Besides, the C2−C5 bond length is 1.38 Å, 
which is typical for a C=C bond. The simulated STM image (Figure 6.6c) for 
this adsorption structure is consistent with the experimentally observed feature 
A in Figure 6.6b. In the filled-state STM images, the diacetyl in feature A 
173 
 
appears as a double-lobe shape because of the almost vertical orientation of 
two methyl moieties and their delocalized electron density of states in the 
HOMO of the molecule. Therefore, we can conclude that an adsorbed diacetyl 
molecule in a [4+2]-like cycloadduct configuration corresponds to feature A in 
STM images.  
Feature B in Figure 6.2d has a bright, round-shaped protrusion, which is 
surrounded by two bright spots and two dark spots. Based on the available 
binding sites on the adjacent two dimers, the tetra-σ binding products with 
three relatively stable structures are proposed to elucidate the observed feature 
B, as shown in Figure 6.7a-c. In these interdimer products, diacetyl binds with 
four sites of two dimers through Ge-O and Ge-C bonds by releasing a 
hydrogen molecule. The bright protrusion is contributed from the rich electron 
density of the C2=C5 bond, which has a bond length of 1.40 Å. Simulated 
STM images shown in Figure 6.7e, g, i are in good agreement with the 
experimentally observed feature B (Figure 6.7d, f, h). Although three 
structures are relatively stable candidates among all the tested configurations, 
they contribute to feature B based on the comparison between the 
experimental and simulated STM images. 
6.4 Conclusion 
Our STM experiments and DFT calculations show that diacetyl adsorbs 
on Ge(100) through two binding configurations at room temperature, 
including [4+2]-like cycloadducts on-top of a single dimer and tetra-σ binding 
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products cross two adjacent dimers. We have found evidence that it is possible 
to form ordered surface molecular monolayers by the temperature control of 
the product distribution on Ge(100), which is a result of conversion from 
feature A to feature B upon thermal annealing. The highly ordered organic 
molecular monolayers may find applications in molecular electronics as their 









Figure 6.1: Schematic illustration of possible reaction pathways and 
adsorption structures for diacetyl on the Ge(100) surface. Intradimer products 
including single α-H cleavage enolate (a), [2+2]-like (b) and [4+2]-like 
cycloadduct (c); and interdimer products that contain [4+2]-like cycloadduct 
(d) and (g), double α-H cleavage end-bridging (e)/cross-bridging 





Figure 6.2: (a) A filled-state STM image (Vs = -1.8 V, It = 0.2 nA) of clean 
Ge(100) at room temperature. (b) A filled-state STM image (Vs = -1.4 V, It = 
0.2 nA) of Ge(100) after exposed to diacetyl at a low coverage (θ = ~0.1 ML) 
and at room temperature. The adsorption site-analysis compared with the unit 
cell grid for (c) feature A and (d) feature B. The filled dark and light blue 
circles refer to up and down dimer atoms, respectively. The filled black circles 












Figure 6.3: Bias-dependent STM images of feature A and feature B with the 









Figure 6.4: (a) Filled-state (Vs = -2.0 V) and (b) empty-state (Vs = +2.0 V) 
STM images (It = 0.2 nA) of diacetyl adsorbed on Ge(100). Feature A and 
feature B in the filled-state image correspond to feature A’ and feature B’ in 















Figure 6.5: (a) Empty-state STM image (Vs = +2.0 V, It = 0.2 nA) of ordered 
molecular monolayer obtained after the surface exposed to 1.4 L of diacetyl at 
room temperature and annealing to ~ 200 oC for 5 mins. (b) Filled-state (Vs = 
-1.2 V) and (c) empty-state (Vs = +1.2 V) STM images (It = 0.2 nA) of ordered 
molecular monolayer were obtained simultaneously, the insert unit cell grid is 
used to analyze the position of the binding diacetyl molecules. The filled dark 
and light blue circles refer to up and down dimer atoms, respectively. The 

























Figure 6.6: (a) Side view of proposed structure for feature A, (b) its 









Figure 6.7: Side view of proposed adsorption structures for feature B, 
including tetra-σ products (a-c), their experimental (d), (f) and (h) and 










Table 6.1: The calculated system energies of proposed diacetyl adsorption 
structures on Ge(100). 
 




single α-H cleavage enolate -0.47 
[2+2]-like cycloadduct -0.66 






[4+2]-like cycloadduct-1 -1.23 
end-bridging enolate -0.12 
tetra-σ product-1 + H2 -0.38 
[4+2]-like cycloadduct-2 -1.2 
cross-bridging enolate 0.33 
tetra-σ product-2 + H2 -0.70 
dimer-bridging enolate -0.22 
tetra-σ product-3 + H2 -0.71 
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Chapter 7  
Conclusion and Future Work 
 
The ability of selective integration of custom-desired molecular 
components into the semiconductor surfaces has been considered as an 
essential step to construct molecular electronics. In addition, the ordered 
molecular nanocorrals or monolayer has its potential application to be worked 
as building blocks for the next generation of electronic devices. This study 
focused on the selective adsorption of methyl oxirane and butadiene monoxide 
on Si(111)-(7×7), also the surface ordering of 1-propanethiol on Si(111)-(7×7) 
and diacetyl on Ge(100). This chapter summarizes the main achievements, 
limitations and suggestions for future work. 
7.1 Summary 
The various applications of Si-based nanodevices need that the surface 
modification can be effectively controlled by selective attachment of the 
bifunctional organics. In Chapter 3 and 4, our experimental and DFT studies 
show that methyl oxirane (C3H6O) adsorbs on the Si(111)-(7×7) surface via 
the combination of dative-bonded addition and ring-opening reaction. 
Butadiene monoxide (C4H6O) is found to undergo a [2+2]-like cycloaddition 
through C=C bond. The different reaction mechanisms of the two epoxide 
molecules are attributed to the fact that the substitution vinyl group plays an 
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important role in directing the surface reaction pathway, offering a great 
flexibility in organic molecules attachment on the Si surfaces. 
Self-assembly of ordered molecular nanocorrals has long been considered 
as a way to position molecules on the active Si surface for the formation of 
desired structure over a wide area. In chapter 5, the well-defined molecular 
nanocorrals have been fabricated by dissociative adsorption of 1-propanethiol 
molecules on the Si(111)-(7×7) surface. The dissociative fragments of C3H7S- 
and H- species bind on the adatoms and adjacent rest atoms, respectively. At 
300 K, the C3H7S- species can diffuse on the surface and accumulate on the 
faulted halves. At 130 K, the surface diffusion is retarded while the binding 
selectivity depends on the starting physisorbed precursor states. The center 
adatoms with more postive charges compared to corner adatoms, are more 
attrative to the polar 1-propanethiol molecules. Therefore, the preference of 
molecules binding to the adjacent center adatom-rest atom pairs leads to the 
formation of molecular nanocorrals on the Si(111)-(7×7) surfaces. These 
results demonstrate that the molecular nanocorrals with repeated patterns over 
a wide area on the silicon surfaces can be formed by carefully adjusting the 
experimental temperature. 
A highly ordered molecular monolayer can be formed by 
temperature-controlled reactions on the Ge(100) surfaces. In chapter 6, we 
studied the driving forces that manipulate the ordered surface molecular 
monolayer of diacetyl adsorbed on Ge(100). At room temperature, two distinct 
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features are captured in the STM images and identified as the [4+2]-like 
cycloadducts and tetra-σ binding species, respectively. The thermal annealing 
can make the [4+2]-like cycloadducts covert to the tetra-σ binding species 
with the release of hydrogen at the same time. In addition, the tetra-σ binding 
species self-assemble to form a highly ordered molecular monolayer with a 
(2×2) unit cell. These results demonstrate that the thermodynamically 
controlled formation of a highly ordered organic molecular monolayer is 
possible on Ge(100). 
7.2 Limitations and future work 
Due to the time constraint, only two simplest molecules – methyl oxirane 
and butadiene monoxide were studied as the case of epoxides in chapter 3 and 
4. A complete understanding of the impact of substitution groups in surface 
reaction control needs more systematic studies. In chapter 5, the adsorption 
behaviors of 1-propanethiol on Si(111)-(7×7) were studied at the temperature 
of 300 K and 130 K. We found that the low substrate temperature can increase 
the Ce/Co dissociation selectivity, leading to form perfect molecular 
nanocorrals on Si(111)-(7×7). Therefore, it is worthy to investigate the 
adsorption of 1-propanethiol at even lower substrate temperature − the liquid 
helium temperature. In chapter 6, diacetyl adsorption on Ge(100) has only 
been studied using STM and theoretical calculation. In order to further verify 
the reaction mechanism of diacetyl on Ge(100) at different temperatures. 
HREELS is highly recommended to examine whether the C=O stretching 
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frequency disappears and any new characteristic vibrational peak appears 
during the adsorption process. In addition, the mechanism of the thermally 
driven self-assembly of diacetyl into ordered molecular monolayer on Ge(100) 
at elevated temperature also needs to be detected. 
To conclude, this study has shed the light to enhance the selectivity of the 
surface organic attachment reactions and form a well-ordered organic 
nanocorrals or monolayer on the semiconductor surface. We have showed that 
a desired surface reaction pathway on Si(111)-(7×7) can be controlled by 
introducing an appropriate substitution group. In addition, a uniform 
well-ordered molecular nanocorrals/monolayer can be formed on the 
semiconductor surfaces by designing the experimental condition, which is 
helpful to understand the driving force for the degree of ordering in the surface 
organic layer. Our results contribute to overcome the long-standing challenges 
of surface competition, selectivity and ordering. 
 
